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ABSTRACT
S tu d ie s  o f  a b s o r p t io n  and d e s o r p t io n  f o r  th e  carbon  
d i o x i d e / w a t e r  system on i n c l i n e d  p lanes  have been made 
both e x p e r i m e n t a l l y  and t h e o r e t i c a l l y .
A g e n e r a l  re v ie w  o f  w e t t e d - w a l l  columns, the  h y d ro ­
dynamics o f  f lo w in g  l i q u i d  f i l m s ,  eddies  o r  c o n v e c t iv e  
d i s t u r b a n c e s ,  and s u r fa c e  r e s i s t a n c e  a re  c o n s id e r e d .  
T h e o r e t i c a l  models a re  p re s en ted  w i t h  emphasis on s im p le  
p e n e t r a t i o n  and f i l m  models .  P a r t i c u l a r  a t t e n t i o n  is  
pa id  to  a ' d i f f u s i o n  f i l m  model '  f o r  f lo w in g  l i q u i d  f i l m s .
D i f f i c u l t  p r a c t i c a l  hydrodynamic problems a re  * 
d e s c r ib e d ,  th e  s o l u t i o n s  to  which are  e s s e n t i a l  to  
s u c c e s s fu l  e x p e r i m e n t a t i o n .  The methods employed f o r  
t h e i r  s o l u t i o n s  are  d e t a i l e d ;  f o r  example, th e  d e t e r -  
m in a t io n  o f  e n d - e f f e c t s ,  and the  s i g n i f i c a n c e  o f  meniscus  
e f f e c t s ’. Dur ing th e  work,  measurements o f  f i l m  th ic k n e s s e s  
were made a t  each new o p e r a t in g  c o n d i t i o n .
A m o d i f ie d  M iche lson type  i n t e r f e r o m e t e r  was
c o n s t r u c te d  and a t ta c h e d  to  th e  i n c l i n e d  p l a n e .  Th is
ensured t h a t  th e  o p t i c a l  system was not a f f e c t e d  by
, >
a d ju s tm e n t .  For  d e s o r p t io n  t h e r e  i s  a d e f l e c t i o n  e f f e c t  
n e a r  th e  i n t e r f a c e  which obscures the  f r i n g e  to  an e x t e n t  
dependent on th e  path le n g th  o f  th e  l i g h t  and th e  
c o n c e n t r a t io n  g r a d i e n t  in  th e  l i q u i d  f i l m .  I t s  s i g n i f i c a n c e  
i s  d iscussed in  r e l a t i o n  to  th e  i n t e r f a c i a l  c o n c e n t r a t i o n .  
Th is  problem does not occur  in  a b s o r p t i o n .
Smooth s u r f a c e  la m in a r  f lo w  was o b ta in e d  a t  the  lo w e r  
angles  o f  i n c l i n a t i o n  ( 1 Q, 2°  and 3 ° ) ,  and a t  low f lo w  
r a t e s .  As the  f lo w  r a t e  o r  ang le  o f  i n c l i n a t i o n  in c r e a s e s  
above 3 ° ,  s u r f a c e  waves appear  and become v ig o ro u s  a t  th e
h i g h e s t  f lo w  r a t e  and a n g le  o f  i n c l i n a t i o n  o f  th e  p l a n e .
Mass t r a n s f e r  r a t e  i s  in c re a s e d  by the  presence o f  waves.
I n  th e  case o f  a b s o r p t i o n ,  th e  presence o f  c o n v e c t iv e  
d i s t u r b a n c e ,  which i s  p r i m a r i l y  buoyancy d r i v e n ,  enhances 
th e  mass t r a n s f e r  r a t e  even in  th e  absence o f  s u r f a c e  waves.  
T h is  has been shown from o p t i c a l  and t i t r a t i o n  r e s u l t s .
Both in  a b s o r p t io n  and d e s o r p t io n  i t  has been shown 
t h a t  t h e r e  e x i s t s  a s u r fa c e  r e s i s t a n c e ,  but  th e  magnitude  
o f  t h i s  r e s i s t a n c e  d i f f e r s  in  each case .
Using t i t r a t i o n  and o p t i c s  as s e p a ra te  means o f
i n v e s t i g a t i o n  i t  i s  c l e a r l y  dem onstra ted t h a t  th e  mechanism 
o f  d e s o r p t io n  i s  not a m i r r o r  image o f  a b s o r p t i o n .  I t  has 
been q u i t e  usual  to  assume o r  even s t a t e  t h a t  th e  two 
processes a re  i d e n t i c a l .  Th is  is  not so, and th e  p re s e n t  
work d iscusses  t h i s  in  de p th .
Supp lem entary  s tu d ie s  wore c a r r i e d  o u t ,  some o f  which  
were e s s e n t i a l  to  th e  m a jo r  s tu d y .
I t  was necessary  to  e s t a b l i s h  th e  r e l a t i o n s h i p  between
th e  c o n c e n t r a t io n  o f  carbon d i o x id e  in  w a t e r  and i t s  
r e f r a c t i v e  in d e x .  A s e p a r a te  o p t i c a l  a p p a ra tu s  was con­
s t r u c t e d  us ing a Twyman-Green i n t e r f e r o m e t e r  and s p e c i a l  
c e l l s .  Th is  is  d e t a i l e d  and an e q u a t io n  is  p r e s e n te d  f o r  
the  r e l a t i o n s h i p .
P r e l i m i n a r y  exper im en ts  were c a r r i e d  o u t :
Cl) w i t h  th e  i n c l i n e d  c e l l  s u i t a b l y  t h e r m a l l y
i n s u l a t e d  to  d e te rm in e  a b s o r p t io n  and d e s o r p t io n  
r a t e s  a t  e l e v a t e d  te m p e r a tu r e s ;
(2 )  w i t h  an i n c l i n e d  c e l l  where the  f l o o r  o f  th e  c e l l  
was covered w i t h  s p e c i a l  beads o f  1 . 5 - 2 . 0  mm 
d ia m e t e r .
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INTRODUCTION AND LITERATURE SURVEY
I n t r o d u c t i o n  and L i t e r a t u r e  Survey
1 . 1 .  I n t r o d u c t i o n
Mass t r a n s f e r  as a s e p a r a t io n  process i s  o f  c o n s id e r a b l e  
i n d u s t r i a l  im p o r ta n c e .  I t  occurs in  a b s o r p t io n ;  d e s o r p t io n ;  -  
l i q u i d - l i q u i d  and l i q u i d - s o l i d  e x t r a c t i o n ;  d i s t i l l a t i o n ;  
and many o t h e r  t e c h n iq u e s .  In  s p i t e  of  an e x t e n s iv e  
l i t e r a t u r e  i n  each of these  s u b je c ts  a g r e a t  d e a l  rem a in s  to  be 
done to  e l u c i d a t e  phenomena which are  not f u l l y  e x p l a i n e d .
Only a b s o r p t io n  and d e s o r p t io n  o f  gases by l i q u i d s  w i l l  
be c ons id e re d  in  th e  p r e s e n t  s t u d i e s .
In  a l l  the  equipment used whether  i t  be packed columns,  
a g i t a t e d  v e s s e l s ,  p l a t e  columns, w e t t e d - w a l l  columns, o r  
spray tow ers  th e  p r im a r y  c o n s i d e r a t i o n s  are  to  maximize th e  
c o n ta c t  s u r fa c e  between gas and l i q u i d  and m in im ize  the  
r e s i s t a n c e  t o  mass t r a n s f e r  w i t h i n  the  phases. T h is  a p p l i e s  
to both a b s o r p t io n  and d e s o r p t i o n .  The l a t t e r  has o f t e n  been 
co n s id e re d  as a process which i s  a m i r r o r  image o f  a b s o r p t i o n ,  
Danckwerts  ( 1 9 7 0 ) ,  T r e y b a l ( 1 9 6 8 ) ;  and Sherwood, P i g f o r d  and 
W ilk e  ( 1 9 7 5 ) .
Since m o le c u la r  d i f f u s i o n  i s  a r e l a t i v e l y  s low p ro c e s s ,  
one o f  t h e  more c h a l l e n g i n g  go a ls  f o r  the  chem ica l  e n g in e e r  i s  
t o  accomplish t h e  d e s i r e d  mass t r a n s f e r  both r a p i d l y  and 
e c o n o m ic a l l y .  In  o rd e r  t o  a c h ie v e  t h i s  g o a l ,  i t  i s  necessary  
to  s tudy  and unders tand the  fu n d a m e n ta l  mechanism o f  mass 
t r a n s f e r .
A c o n v e n ie n t  c o n t a c t i n g  d e v ic e  in  which the  mechanism o f  
mass t r a n s f e r  can be i n v e s t i g a t e d  i s  th e  w e t t e d - w a l l  column.  
T h is  a p p a ra tu s  u s u a l l y  c o n s is t s  of  a v e r t i c a l  c y l i n d r i c a l  tube
o r  f l a t  i n c l i n e d  p l a t e  down which a t h i n  l a y e r  o f  l i q u i d  
f l o w s ,  and in  w h ich ,  under c e r t a i n  o p e r a t i n g  c o n d i t i o n s ,  
a c c u ra te  p r e d i c t i o n  o f  the  s u r fa c e  a rea  i s  p o s s i b l e *  The 
amount o f  mass t r a n s f e r r e d  by d i f f u s i o n  between two phases 
i s  p r o p o r t i o n a l  t o  th e  in t e r p h a s e  c o n ta c t  a r e a ,  and i f  th e  
s u r f a c e  a rea  is  known, then an i n v e s t i g a t i o n  o f  mechanisms 
and methods f o r  im p ro v in g  th e  r a t e  o f  mass t r a n s f e r  i s  
p o s s i b l e .
The p r im a ry  purpose o f  t h i s  i n v e s t i g a t i o n  i s  t o  s tudy  
t h e  mechanism o f  a b s o r p t io n  and d e s o r p t io n  p ro c e s s e s ,  and to  
c o n s id e r  f a c t o r s  a f f e c t i n g  mass t r a n s f e r  r a t e s .
1 . 2 .  Mass t r a n s f e r  s t u d i e s :
S tu d ie s  of  the  mass t r a n s f e r  o f  gases f o r  th e  case of  
f l o w i n g  l i q u i d  f i l m s ,  when th e  main r e s i s t a n c e  t o  mass 
t r a n s f e r  i s  in  th e  l i q u i d  f i l m ,  have been made by many 
i n v e s t i g a t o r s .  A b r i e f  account of  th e  most u s e f u l  work and
some c r i t i c i s m  i s  g iven  be low.
One o f  th e  f i r s t  r e s u l t s  p u b l is h e d  was t h a t  o f  Johnstone  
and P i g f o r d  (1 9 4 2 1 .  They assumed t h a t  the  s u r fa c e  o f  the  f i l m  
was s a t u r a t e d ,  the  v e l o c i t y  p r o f i l e  in  th e  l i q u i d  f i l m  was 
d e s c r ib e d  by l a m in a r  f i l m  th e o r y  and t h a t  t r a n s f e r , o f  th e  
s o lu t e  to  th e  f i l m  was by m o le c u l a r  d i f f u s i o n .  They  
a n a l y t i c a l l y  solved the d i f f e r e n t i a l  e q u a t io n s  in  s i m i l a r  
t r e a tm e n t  to  t h a t  used by Drew (1931)  f o r  f o r c e d  c o n v e c t io n ,  
and r e p o r t e d  t h a t  t h i s  model p r e d ic t e d  the r a t e  o f  mass 
t r a n s f e r  as long as the  s u r fa c e  o f  the  f i l m  was smooth, but
not when th e  f i l m  became u n s ta b le  w i th  r i p p l e s  fo r m in g  near
the  to p  o f  the  c e l l .
G r im le y  (1 9 4 5 )  work ing w i th  a w e t t e d - w a l l  column f o r  
CO2 a b s o r p t io n  noted an improved performance when r i p p l e s  
were p re s e n t  on t h e  l i q u i d  s u r f a c e .  By adding  a s u r fa c e  
a c t i v e  agent  to th e  f l o w i n g  l i q u i d  he e l i m i n a t e d  waves 
and observed a decrease in  the  mass t r a n s f e r r e d ;  however,  
w hether  the decrease in  the  mass t r a n s f e r  was a r e s u l t  o f  
the  absence o f  the  waves o r  th e  presence  o f  th e  s u r fa c e  
a c t i v e  a g e n ts  was not e s t a b l i s h e d .
Emmert and P ig f o r d  (1954 )  s tu d ie d  th e  a b s o r p t io n  and 
d e s o r p t io n  of oxygen and carbon d i o x id e  in  w a te r .  T h e i r  
e x p e r im e n ts ,  conducted w i th o u t  r i p p l i n g ,  c on f i rm e d  the  
Johnstone and P ig f o r d  (19420 t h e o r e t i c a l  c a l c u l a t i o n s  
f o r  mass t r a n s f e r  to  gases i n t o  la m in a r  f i l m s .  They  
noted in  t h e i r  study t h a t  when r i p p l i n g  occurred  i n  the  
f i l m ,  the  mass t r a n s f e r  became much l a r g e r  than th e  
t h e o r e t i c a l  p r e d i c t i o n s .  The f o r m a t i o n  of  waves was p r e v e n te d  
by th e  use o f  s u r f a c e  a c t i v e  a g e n ts ,  and from e x p e r im e n ts  
w i th  and w i th o u t  s u r fa c e  a c t i v e  agents  t h e y  concluded t h a t  
s u r fa c e  a c t i v e  a gen ts  d id  not a p p r e c i a b l y  a f f e c t  the  s u r f a c e  
r e s i s t a n c e  to  mass t r a n s f e r .  The smal l  d i f f e r e n c e  between  
e x p e r i m e n t a l  r e s u l t s  and t h e o r e t i c a l  p r e d i c t i o n s  was 
c o n t r i b u t e d  to  th e  l a c k  o f  thermodynamic e q u i l i b r i u m  a t  the  
i n t e r f a c e ,  i . e .  s u r f a c e  r e s i s t a n c e .
Lynn, S t r a a t e m e i e r  and Kramers (1 9 55 )  s tu d ie d  the  
a b s o r p t io n  of  S02 i n t o  w a te r  f a l l i n g  down w e t t e d - w a l l  
columns of  l e n g th s  v a r y in g  from 12 to  22 cm. They found  
t h a t  when w e t t i n g  a g e n ts  were p r e s e n t ,  the  e x p e r i m e n t a l  
r e s u l t s  agreed w e l l  w i th  p e n e t r a t i o n  t h e o r y .  T h e i r  
e x p e r im e n ts  con f i rm ed  the r e s u l t s  t h a t  r i p p l i n g  s i g n i f i c a n t l y  
in c re a s e d  t r a n s f e r  r a t e s .
S t i r b a  and H ur t  (1 955 )  s tu d ie d  th e  a b s o r p t io n  of pure  
carbon d i o x id e  by a v e r t i c a l  f a l l i n g  w a te r  f i l m  a t  Reynolds  
numbers from 3.60 t o  1 2 7 0 ,  T h e i r  r e s u l t s  i n d i c a t e d  t h a t  the  
mass t r a n s f e r  r a t e  were manyfo ld  g r e a t e r  than  v a lu e s  
p r e d ic t e d  when m o le c u la r  d i f f u s i o n  was the  o n ly  t r a n s f e r  
process .
The comments, c o n c lu s io n s ,  and q u e s t io n s  which cou ld  
be drawn from th e  above i n v e s t i g a t i o n  a re  as fo l lo w s ?
-  The e x p e r i m e n t a l  r e s u l t s  showed t h a t  the  mass t r a n s f e r  
would m a rk e d ly  in c r e a s e  when waves appear?
-  A l l  the work d iscussed so f a r  were concerned w i th  
v e r t i c a l  p l a t e s  or  wet ted  w a l l  columns, t h e r e f o r e  th e  f l o w  
of l i q u i d s  would be g r a v i t y  c o n t r o l l e d  and waves would 
fo rm  a t  th e  lo w est  f l o w  r a t e s  employed.  C ons e que nt ly ,  th e  
e x p e r im e n ta l  procedure  does not comply w i th  the  assumptions  
made by Johnstone and P ig f o r d  ( 1 9 4 2 ) .  v
Work c a r r i e d  ou t  us in g  s h o r t  w e t te d  w a l l  columns where 
waves were absent  does not comply w i th  t h e o r y  because the  
l i q u i d  f i l m  would be s t i l l  a c c e l e r a t i n g  and has not a t t a i n e d  
a c o n s ta n t  v e l o c i t y  g r a d i e n t ,  which i s  a n o th e r  assumption o f  
the  theory?
-  I t  i s  c la im e d  by most a u th o r s  t h a t  s u r fa c e  a c t i v e  
agents  would o n ly  a f f e c t  the hydrodynamics of  the  f l o w i n g  
f i l m  w i t h o u t  a f f e c t i n g  the  t r a n s f e r  process ,  which i s  v e r y  
d o u b t f u l ;  (see C u l le n  and Davidson (1957 )  f o r  th e  e f f e c t  o f  
s u r fa c e  a c t i v e  agents)?
-  The e x p e r i m e n ta l  method used in  measuring t h e  s o lu t e  
t r a n s f e r  in f a l l i n g  l i q u i d  f i l m s ,  measures the  l i q u i d  f l o w
r a t e  and d e te rm in e s  the a verage  c o n c e n t r a t io n  of  th e  s o lu t e
-1
in  the  f i l m  from l i q u i d  samples ta k e n  a t  th e  e x i t  o f  the
c o n t a c t i n g  p l a t e  or  tube by ch e m ic a l  a n a l y s i s .  C onsequent ly ,  
s e v e r a l  t h e o r e t i c a l  models can be f i t t e d  to  th e  same 
d a t a .  T h is  e x p e r i m e n t a l  method i s  not p a r t i c u l a r l y  
s a t i s f a c t o r y  as n o th in g  i s  known about the  c o n c e n t r a t i o n  
p r o f i l e  in  the  f i lm ?
-  There i s  no mention o f  the  end e f f e c t s  or  how t h e y  
a f f e c t e d  the  e x p e r i m e n t a l  r e s u l t s .
I t  i s  c l e a r  from these  comments t h a t  th e  mechanism of  
mass t r a n s f e r  a c ro ss  an i n t e r f a c e  needs t o  be i n v e s t i g a t e d .
G a r ts id e  (1 962) s tu d ie d  mass t r a n s f e r  i n t o  n e a r -  
h o r i z o n t a l  1 i q u i d ' f i l m s ,  t h i s  work i s  summarized by 
Goodridge and G a r t s id e  ( 1 9 6 5 ) .  Pure carbon d i o x id e  was 
absorbed i n t o  t h i n  l a m in a r  f i l m s  o f  w a t e r ,  i n c l i n e d  a t  
a n g les  le s s  than  20 minutes to  the  h o r i z o n t a l .  R ip p le  f r e e  
f i l m s  were produced w i t h  Reynolds numbers up to  900 .
P ro b a b ly  the most s e r io u s  drawback in th e  i n t e r p r e t a t i o n  
of G a r t s i d e ’ s (1 9 62 )  e x p e r im e n ta l  work were?
1 -  The assumption t h a t  the  a n a l y t i c a l  s o l u t i o n  o f  
Johnstone and P i g f o r d  ( 1 9 4 2 ) ,  r e p r e s e n ts  th e  t r a n s f e r  
process and employing t h i s  e x p r e s s io n  in  the e n d - e f f e c t s  
t rea tm e n t?  and
2 -  The carbon d i o x id e  was f l o w i n g  c o u n t e r - c u r r e n t  
t o  the  w a te r  f i l m  in  th e  c e l l ,  which means t h a t  the  
assumption of  no g a s - l i q u i d  i n t e r f a c i a l  shear  is  not  
f u l f i l l e d  f o r  comparison w i th  th e  a n a l y t i c a l  s o l u t i o n .
F u l f o r d  (1 9 6 2 )  has shown t h a t  the  v e l o c i t y  o f  a gas s tream ,  
r e l a t i v e  t o  the  l i q u i d  f i l m  s u r f a c e ,  i s  a n . i m p o r t a n t  
p aram eter  t o  be c o n s id e re d .
l . ; !  ’
'Jepson  (1964)  used an i n t e r f e r o m e t e r  t o  v iew  the  
c o n c e n t r a t io n  p r o f i l e s  o f  d i s s o lv e d  CO2 in w a te r  f i l m s  
f a l l i n g  down f l a t  p l a t e s  i n c l i n e d  to  the  h o r i z o n t a l  at  
angles  of 2 5 °  and l e s s .  . From h is  r e s u l t s ,  assuming a 
p a r a b o l i c  v e l o c i t y  p r o f i l e ,  he c a l c u l a t e d  th e  t o t a l  
d i f f u s i v i t y  which in c lu d e d  an eddy component. He found  
th e  d i f f u s i v i t y  reached a maximum in the  c e n t r a l  p o r t i o n  
of  th e  f i l m ,  and gave v a lu e s  up to  70 t im es  the m o le c u la r  
d i f f u s i v i t y .  Lu (1 9 6 5 )  extended the  i n t e r f e r o m e t r i c  work 
of  Jepson (1 9 64 )  to  o t h e r  a n g le s  o f  i n c l i n a t i o n  but s t i l l  
l e s s  than 2 5 ° ,  and found e s s e n t i a l l y  th e  same ty p e  of  
b e h a v io u r  o f  the  t o t a l  d i f f u s i v i t y  w i t h  p o s i t i o n  in  th e  
f i l m .  However, a c lo s e  e x a m in a t io n  o f  th e  f r i n g e  p a t t e r n s  
reco rd ed  by Jepson (1964)  shows t h a t  they do not r e p r e s e n t  
th e  whole f i l m .  Jepson (1964 )  s ta te d  in  c o n c lu s io n  t h a t ,  
" s in c e  d a ta  were not o b ta in e d  in  th e  re g io n  ne x t  to  t h e  
i n t e r f a c e  th e  e x a c t  mechanism i s  not known” . In  o t h e r  
words, Jepson was un su cc e s s fu l  in  o b t a i n i n g  f r i n g e  p a t t e r n s  
r i g h t  up to  th e  i n t e r f a c e .
M e r r i t t  (1 9 66 )  i n v e s t i g a t e d  gas a b s o r p t io n  i n t o  t h i n  
wavy la m in a r  l i q u i d  f i l m s  f a l l i n g  down i n c l i n e d  p l a n e s .  He 
concluded t h a t  mass t r a n s f e r  i s  d e s c r ib e d  by the  t h e o r y  of  
Johnstone and P ig f o r d  ( 1 9 4 2 ) ,  which p r e d i c t s  w i t h i n  about  
10 p e r c e n t  the average c o n c e n t r a t io n s  o f  Co2 absorbed i n t o  
th e  w a te r  f i l m s ,  up to  ang les  o f  2 5 ° ,  and Reynolds number 
up to 1900. No success was re co rd ed  in  th e  i n t e r p r e t a t i o n  o f  
the  l i g h t  i n t e r f e r e n c e  p a t t e r n s  f o r  th e  C02 ~w ater  system.
With the  e x c e p t io n  of  G a r t s id e  ( 1 9 6 2 ) ,  M e r r i t t  ( 1 9 6 6 ) ,  
and Roy (1 973 )  v e r y  l i t t l e  work has a c t u a l l y  been per form ed  
c o n c e rn in g  mass t r a n s f e r  i n t o  f l o w i n g  l i q u i d  f i l m s  on f l a t
p l a t e s  a t  low a n g les  of  i n c l i n a t i o n .  Most of  th e  l i t e r a t u r e  
a v a i l a b l e  i s  concerned w i t h  v e r t i c a l  p l a t e s  o r  w e t ted  w a l l  
columns, where th e  r e s u l t s  o b ta in e d  g e n e r a l l y  agree  w i th  
Johnston and P ig f o r d  (1 9 4 2 )  p r e d i c t i o n s .  However, an 
u n d e rs ta n d in g  o f  the  e x a c t  mechanism o f  mass t r a n s f e r  i s  
s t i l l  not known.
In  o r d e r  to  reach  a b e t t e r  u n d e rs ta n d in g  o f  th e  
mechanism o f  mass t r a n s f e r  processes and t o  c o n s id e r  f a c t o r s  
a f f e c t i n g  these  p ro c e s se s ,  t h r e e  p o in t s  should be s t u d i e d ;
1. Hydrodynamics of  a f l o w i n g  l i q u i d  f i l m s ;
2 .  C onvect ive  d i s t u r b a n c e s ;  and
3 .  S u r fa c e  r e s i s t a n c e .
In  the  f o l l o w i n g  pages a b r i e f  l i t e r a t u r e  o f  t h e  most 
im p o r ta n t  s t u d ie s  c oncern ing  th e s e  p o in t s  w i l l  be g iv e n .
1 . 2 . 1 .  Hydrodynamics of  f l o w i n g  l i q u i d  f i l m s
In  o r d e r  t o  s tudy  mass t r a n s f e r  in  f a l l i n g  l i q u i d  f i l m s  
an u n d e rs ta n d in g  of  th e  hydrodynamics o f  the  f l o w i n g  f i l m s  
i s  n e c e s s a r y .  T h e r e f o r e  a bas ic  i n t r o d u c t i o n  to th e  
r e l e v a n t  l i t e r a t u r e  and t h e o r y  i s  i n c l u d e d .
Much work both e x p e r im e n ta l  and t h e o r e t i c a l  has been 
d i v e r t e d  toward p r o p e r l y  d e s c r i b i n g  th e  dynamics of  f i l m  
f l o w .  One of  the  e a r l i e s t  e f f o r t s  t o  r e p r e s e n t  th e  prob lem  
of  a f a l l i n g  f i l m  m a t h e m a t ic a l l y  was by N u s s e l t  ( 1 9 1 6 ) .
He i s  c r e d i t e d  w i th  d e r i v i n g  and s o lv i n g  the  e q u a t io n s  f o r  
la m in a r  v is c o u s  f l o w ,  from which e x p re s s io n s  f o r  th e  f i l m  
t h i c k n e s s ,  shear  s t r e s s ,  and v e l o c i t y  p r o f i l e  may be 
o b ta in e d .  E x p e r im e n ta l  e f f o r t s  to v e r i f y  h is  p r e d i c t e d  v a lu e  
of  f i l m  t h ic k n e s s  have occupied  many i n v e s t i g a t o r s ,  most o f  
whom conclude t h a t  N u s s e l t ' s  r e p r e s e n t a t i o n  i s  r e l a t i v e l y  
sound .
A b r i e f  account o f  some o f  th e  most u s e f u l  work w i l l  
be g iven  h e re ,  which w i l l  serve  as an i n t r o d u c t i o n  f o r  t h e  
u n d e rs ta n d in g  o f  th e  hydrodynamics o f  f l o w i n g  f i l m s .  T h is  
i n  t u r n  w i l l  th ro w  some l i g h t  on th e  problems which have t o  
be c o n s id e re d  or t r e a t e d  b e fo re  c a r r y i n g  out  the  mass t r a n s f e r  
s tu d y .
Much o f  th e  e x p e r i m e n ta l  work a s s o c ia te d  w i th  f a l l i n g  
l i q u i d  f i l m s  has been d i r e c t e d  toward the  measurement o f  
th e  mean t h i c k n e s s  of  f i l m s  f l o w i n g  on a v e r t i c a l  s u r f a c e .
No le s s  t h a n . ' t h i r t y 1 a u th o rs  have r e p o r t e d  work c o n c e r n in g  
measurements o f  l i q u i d  f i l m  th ic k n e s s  a t  v a r i o u s  Reynolds  
numbers and angles  o f  i n c l i n a t i o n s ,  e . g .  F a l l a h ,  H u n te r ,  and 
Nash ( 1 9 3 4 ) j  Fr iedman and M i l l e r  ( 1 9 4 1 ) ;  D u k le r  and B e r g ^ l i n (1 9 5 2 )  j
Jackson (1 9 5 5 ) ;  Thomas and P o r t a l s k i  ( .1958); B e lk in  e t  a l  ( 1 9 5 9 ) ,  
F u l f o r d  ( 1 9 6 2 ) ,  -  -  - .  P ro b a b ly  th e  e a r l i e s t  a t t e m p ts  were 
made us in g  m ic rom ete rs  to  lo c a te  the  s u r f a c e .  The d isa d v a n ta g e  
o f  t h i s  method i s  t h a t  when s u r fa c e  d i s tu r b a n c e s  of  any a p p r e c i a b l e  
s i z e  were p r e s e n t ,  t h i s  method gave o n ly  a v a lu e  o f  a maximum 
f i l m  t h i c k n e s s .  A common method employed by many i n v e s t i g a t o r s  
was to  measure th e  volume o f  l i q u i d  h o ld -u p  on th e  s u r f a c e  a t  
some i n s t a n t .  T h is  measurement was accomplished by s im u l ta n e o u s ly  
e l i m i n a t i n g  the feed  to  the  f l o w  s u r f a c e  and r e d i r e c t i n g  the  
s u r fa c e  e f f l u x .  The r e s i d u a l  f l u i d  a d h e r in g  t o  t h e  s u r fa c e  was 
u s u a l l y  c o l l e c t e d .  The t o t a l  volume o f  f l u i d  was then d i v i d e d  
by th e  a rea  of  th e  f l o w  s u r fa c e  to  c a l c u l a t e  th e  mean f i l m  
t h i c k n e s s ,  A d is a d v a n ta g e  o f  t h i s  method was t h a t  th e  volume of  
f l u i d  t h a t  was undergoing a c c e l e r a t i o n  was in c lu d e d  in  th e  
h o ld -u p  from th e  s u r f a c e ,  i n d i c a t i n g  a l a r g e r  t h ic k n e s s  than  
th e  f l u i d  would have in  f u l l y  deve loped f l o w .  The use o f  a 
l a r g e  s u r fa c e  would , of  c o u r s e ,  reduce t h i s  d i s t o r t i n g  e f f e c t  on 
the  measurements. Another  d is a d v a n ta g e  i s  t h a t  n o th in g  can be 
l e a r n e d  about th e  c h a r a c t e r i s t i c  shape o f  th e  f r e e  l i q u i d  
s u r f a c e .  F i lm  th ic k n e s s  has been measured a ls o  by u s in g  o t h e r  
e x p e r im e n ta l  te c h n iq u e s ,  e . g .  R a d io a c t iv e  t r a c e r ,  P h o to g r a p h ic  
method, e l e c t r i c a l  c a p a c i t a n c e ,  - - - .  Most o f  t h e  i n v e s t i g a t i o n s  
showed t h a t  th e  mean l i q u i d  f i l m  t h i c k n e s s  to be w i t h i n  10% of  
those p r e d i c t e d  by th e  N u s s e l t  t h e o r y .
V e l o c i t y  p r o f i l e  da ta  in  f a l l i n g  f i l m s  has been d i f f i c u l t  
t o  o b ta in  because the f i l m s  a re  v e ry  t h i n .  G r im le y  (1 9 4 5 )  
succeeded in  us ing  an u l t r a m ic r o s c o p e  to  d e te rm in e  v e l o c i t i e s  
of  sm a l l  c o l l o i d a l  p a r t i c l e s  suspended in  f a l l i n g  w a te r  f i l m s .
The p a r t i c l e s  were assumed to  t r a v e l  w i th  the v e l o c i t y  o f  th e  
surro u n d in g  f l u i d .  H is  measurements i n d i c a t e d  t h a t  when waves
f l o w  on the l i q u i d  s u r f a c e ,  the  p r o f i l e  does not c orres po nd
t o  the  N u s s e l t  t h e o r y ,  but reaches  a maximum somewhat below  
th e  f r e e  s u r f a c e  o f  the l i q u i d .  However, when t h e  s u r fa c e  
a c t i v e  a gents  were added to  the  f l o w i n g  f l u i d ,  th e  s u r f a c e  
d is tu r b a n c e s  were damped out and th e  e x p e r i m e n t a l l y  measured 
v e l o c i t y  p r o f i l e s  approached the p a r a b o l i c  d i s t r i b u t i o n  
p r e d ic t e d  by the  N u s s e l t  t h e o r y .  W i lk e s  and Nedderman (1 9 62 )  
employed s te r o s c o p ic  photography o f  sm al l  a i r  bubbles  moving 
w i t h  the  f l u i d  a t  v e r y  low Reynolds numbers i n  v e r t i c a l  
developed f l o w .  For the  lo w e r  Reynolds number s t u d i e d ,  th e  
s u r fa c e  o f  the  l i q u i d  remained smooth and th e  measured p r o f i l e s  
c o in c id e d  w i th  the  l a m in a r  t h e o r y .  However a t  a h ig h e r  number, 
d is tu r b a n c e s  appeared on th e  l i q u i d  s u r f a c e ,  and t h e  measured  
l o c a l  v e l o c i t i e s  v a r i e d  ± 20% from the p a r a b o l i c  p r o f i l e .
In s t e a d  o f  measur ing the  v e l o c i t y  p r o f i l e s ,  some i n v e s t i g a t o r s  
have accepted a d e t e r m i n a t io n  of  th e  s u r fa c e  v e l o c i t y  and t h e  
f i l m  t h i c k n e s s ,  re as o n in g  t h a t  f rom a v o lu m e t r ic  f l o w  r a t e ,  an 
average  th i c k n e s s  and an a b s o lu te  v e l o c i t y  a t  a p o i n t ,  a p r o f i l e  
cou ld  be f i t t e d  to th e  r e s u l t s .  A s im ple  te c h n iq u e  f o r  m easur ing  
s u r f  ace v e l o c i t y  i s  to*- measure the t im e  of t r a v e r s e  o f  dye 
p a r t i c l e s  or  some f l o a t i n g  body, such as a h a i r  o r  p ie c e  o f  
p a p e r  over  a measured c o u rs e .  Fr iedman and M i l l e r  ( 1 9 4 1 )  have 
measured th e  v e l o c i t y  of  dye drops over  a two f o o t  course on 
a v e r t i c a l  column. A lthough the f i l m  th ic k n e s s  agreed w i t h  
l a m in a r  th e o r y  up to  v a lu e s  of  Reynolds number o f  1000 ,  th e  
s u r f a c e  v e l o c i t y  was o n ly  c o n s i s t e n t  w i th  l a m i n a r  t h e o r y  t o  
Reynolds number o f  30 .  The t h e o r e t i c a l  v a lu e  f o r  t h e  r a t i o  
of s u r fa c e  v e l o c i t y  to  average v e l o c i t y  when a l a m in a r  f l o w  
p r e v a i l s  i s  1 . 5 ,  P o r t a l s k i  (1964 )  measured the  s u r f a c e  v e l o c i t y  
and found a v a lu e  c lose  to 1 , 5 ,  was o b ta in e d  f o r  a range o f  
Reynolds number v a r y i n g  from 4 t o  1200 .  F u l f o r d  (1 9 6 2 )  has
measured th e  s u r fa c e  v e l o c i t y  of  f a l l i n g  f i l m s  a t  not on ly  
th e  v e r t i c a l  a n g l e ,  but a ls o  a n g les  o f  7h°, 2 4 ° ,  4 3 ° ,  and 
6 2 °  f rom  the  h o r i z o n t a l .  His  measurements over  a range o f  
Reynolds number from 240 to  3000 gave v a lu e s  o f  th e  v e l o c i t y  • 
r a t i o  .of  1 , 5 . .
The la m in a r  t h e o r y  o f  N u s s e l t  has assumed a f l u i d  of  
i n f i n i t e  w id th  where w a l l  e f f e c t s  can have no i n f l u e n c e .  I t .  
i s  r e p o r t e d  t h a t  Hopf (1910 )  has s u p p l ie d  th e  t h e o r y  f o r  
th e  l a t e r a l  v e l o c i t y  p r o f i l e s  where v e r t i c a l  r e t a i n i n g  
w a l l s  a re  p r e s e n t ,  but  w i t h o u t  c a p i l l a r y  e f f e c t s .  F u l f o r d  (1 9 62 )  
has in c lu d e d  c a p i l l a r y  f o r c e s  by n u m e r i c a l l y  c a l c u l a t i n g  the  
v e l o c i t y  p r o f i l e s  in  a f a l l i n g  l i q u i d  f i l m  f l o w i n g  p a r a l l e l  
t o  a v e r t i c a l  r e t a i n i n g  w a l l  t h a t  i s  we t ted  by th e  f l u i d .  The 
c a l c u l a t i o n s  and e x p e r im e n ta l  o b s e r v a t io n s  show t h a t  t h e  l o c a l  
f l o w  r a t e s  n e a f  the s id e  w a l l s  a r e  c o n s id e r a b l y  l a r g e r  th a n  
t h e . l o c a l . f l o w  r a t e s  over  th e  c e n t r a l  p a r t  o f  the  c h a n n e l .  I t  
i s  c l e a r  t h a t  t h i s  c a p i l l a r y  edge e f f e c t  must be a l lo w e d  f o r  
in  f i l m  f l o w  e x p e r im e n ts  i n  r e c t a n g u l a r  cha nne ls  u n le s s  the  
channel  i s  e x t r e m e ly  w ide .
Many t h e o r e t i c a l  s t u d i e s  of  wave motion have been p e r fo rm e d .  
Of these  t h e o r i e s ,  t h a t  o f  K a p i ts a  ( 1948) is  th e  most c o m p re h e n s iv e , 
s in c e  i t  enables w a v e le n g th ,  f re q u e n c y  and a m p l i tu d e  o f  th e  
wave motion to  be c a l c u l a t e d .  Some workers  have m o d i f i e d  and 
extended K a p i t s a ’ s o r i g i n a l  work, e . g .  Rushton (1 9 6 8 )  . O th e r  
approaches to  the  problem o f  wavy l a m in a r  f l o w  have been 
d i r e c t e d  toward d e s c r i b i n g  the s t a b i l i t y  of th e  f r e e  l i q u i d -  
gas i n t e r f a c e .  Such work has been performed by L in  (19 55) and 
Benjamin ( 1 9 5 7 ) ,  ( 1 9 6 1 ) ,  The r e s u l t s  i n d i c a t e d  wave f o r m a t i o n  
a t  v e r y  low v a lu e s  o f  Reynolds number when f l o w  was on a 
v e r t i c a l  s u r f a c e .  The v a lu e s  f o r  th e  ’’minimum c r i t i c a l  Reynolds
ty . ■ .
number” a t  which waves fo rm ,  and quoted in th e  l i t e r a t u r e ,  
v a r y .  In  g e n e r a l  th e y  are  s m a l l ,  i . e .  Re i s  in  th e  range  
o f  4 to  2 5 ,  e . g .  B in n ie  (1 9 57 )  -  ( 1 9 5 9 ) .  However, i t  i s  
seen t h a t  waves or  d i s t u r b a n c e s  may be p r e s e n t  on a l i q u i d  
f i l m  s u r fa c e  when th e  f l o w  is  e s s e n t i a l l y  in  th e  la m in a r  
re g im e .
1 . 2 . 2 b C onv e c t iv e  D i s t u r b a n c e s : -
The r a t e  a t  which m a t e r i a l  i s  t r a n s f e r r e d  across  a 
phase boundary can be g r e a t l y  a f f e c t e d  by c o n d i t i o n s  a t  o r  
near  the  i n t e r f a c e .  A number o f  workers  t r i e d  t o  i n v e s t i g a t e  
th e s e  s u r fa c e  phenomena, i . e .  c o n d i t i o n s  a t  o r  near  the  
i n t e r f a c e , ; and t h e i r  e f f e c t  on. mass t r a n s f e r .  A b r i e f  account  
o f  th e  most u s e f u l  work w i l l  be p re s en ted  h e r e .
An i n t e r f e r o m e t r i c  te c h n iq u e  was developed by Thomas 
e t . a l .  ( 1 9 6 5 ) ;  ( 1 9 6 7 ) ;  amd (1 9 6 9 )  to  d e te rm in e  d i f f u s i o n
c o e f f i c i e n t s ,  and to  examine the  mechanism o f  gas a b s o r p t io n  
o c c u r in g  acro ss  the f r e e  s u r f a c e  of  s t a t i c  p o o ls .  They f i r s t  
dem onstra ted  th e  presence o f  i n t e r f a c i a l  d is t u r b a n c e  
accompanying carbon d i o x id e  a b s o r p t io n  i n t o  aqueous s o l u t i o n s  
o f  both c a u s t i c  potash and v a r i o u s  e th a n o lam in e  s o l u t i o n s .  
These d is t u r b a n c e s  were so l a r g e ,  a f t e r  the  e la p s e  o f  a 
d e f i n i t e  t im e  i n t e r v a l ,  t h a t  a v i o l e n t  d i s r u p t i o n  in  th e  
l i q u i d  was seen on the  i n t e r f e r o m e t r i c  o p t i c a l  system used 
f o r  the  s tu d y .  The systems examined by th e s e  a u th o r s  
in v o lv e d  a b s o r p t io n  w i th  che m ic a l  r e a c t i o n .  At t h a t  t im e  no 
p r a c t i c a l  e v id e n c e  was appa re n t  as to  whether  s i m i l a r  
d is tu r b a n c e s  occurred  in  p h y s ic a l  gas a b s o r p t i o n .
P levan  and Quinn (1966 )  suggested t h a t  d e n s i t y  g r a d i e n t s
n e a r  the  g a s / l i q u i d  i n t e r f a c e , and in  some cases s u r fa c e  
t e n s io n  changes,  produce d i s tu r b a n c e s  in  the  l i q u i d  which 
a f f e c t  the  t r a n s p o r t  r a t e .  In  t h e i r  s t u d i e s ,  th e  d iv e rg e n c e  
o f  th e  gas t a k e - u p  from v a lu e s  p r e d ic t e d  f o r  pure d i f f u s i o n  
t r a n s f e r  dem onstra te  t h e  onset of  c o n v e c t iv e  m o t io n .  They 
were a b le  t o  observe these  c i r c u l a t i o n  p a t t e r n s  f o r  s u lp h u r  
d i o x i d e / w a t e r  system using th e  S c h l i e r e n  l i g h t  beam te c h n iq u e  
but not f o r  carbon d i o x i d e / w a t e r  system. The f a c t  t h a t  
th e s e  d i s tu r b a n c e s  were not seen f o r  t h e  l a t t e r  system was 
due t o  th e  smal l  d e n s i t y  g r a d i e n t  in  th e  w a te r  d u r in g  carbon  
d i o x id e  a b s o r p t i o n .  They suggested t h a t  w i th  more s e n s i t i v e  
o p t i c a l  equ ipm en t ,  th e s e  d i s tu r b a n c e s  could  p r o b a b ly  be 
o b s e r v e d .
B l a i r  and Quinn (1 9 6 9 )  used the S c h l i e r e n  te c h n iq u e  to  
s tudy  the onset o f  c e l l u l a r  c o n v e c t io n  in  a f l u i d  l a y e r  w i th  
t im e -d e p e n d e n t  d e n s i t y  g r a d i e n t .  They observed th e s e  movements 
f o r  s u lp h u r  d i o x i d e - w a t e r  system but no movements w i t h  carbon  
d i o x i d e - w a t e r  system. The lo w e r  s o l u b i l i t y  o f  carbon d i o x id e  
i n  w a te r  was t h e  reason f o r  these  d i s t u r b a n c e s  no t  be ing  
ob served .  However th e y  p re s e n te d  i n t e r e s t i n g  c a l c u l a t i o n s  f o r  
R a y le ig h  and Marangoni numbers, and suggested t h a t  t h e  t im e  
o f  onset o f  d is tu r b a n c e s  based on t r a n s d u c e r  measurements o f  
t a k e - u p  appears  to  be a f u n c t i o n  of  p r e s s u re  and s u r f a c e  l a y e r  
v i s c o s i t y .
I t  is  c l e a r  t h a t  th e  S c h l i e r e n  te c h n iq u e  used by 
P le v a n -Q u in n  (1966 )  and B l a i r - Q u i n n  (1 9 69 )  would not be ab le  
t o  d e t e c t  any d is tu r b a n c e s  w i th  th e  carbon d i o x i d e - w a t e r  system.
B r i a n ,  V i v i a n ,  and H a t i a t o s  (1967 )  suggested the  presence  
o f  i n t e r f a c i a l  t u r b u l e n c e  d u r in g  th e  a b s o r p t io n  of  carbon  
d i o x id e  i n t o  m onoethanolam ine . T h is  i n t e r f a c i a l  t u r b u l e n c e  was
d e t e c t e d  by de s o rb in g  i n e r t  t r a c e r  p ropylene  s im u l ta n e o u s ly  
w h i le  carbon d i o x i d e  was be ing absorbed i n t o  m onoethanolamine.  
The s u b s t a n t i a l  in c r e a s e  in  the  propy lene  d e s o r p t io n  c o e f f i c i e n t  
i n d i c a t e d  the presence o f  t h e  i n t e r f a c i a l  tu r b u le n c e  and served  
as a measure of  i t s  i n t e n s i t y .
Employing th e  te c h n iq u e  developed by B r ia n  e t . a l .  ( 1 9 6 7 ) ,  
where by the  i n f l u e n c e  of  the  c e l l u l a r  c o n v e c t io n  upon the  
i n d i v i d u a l  phase c o e f f i c i e n t s  is  m on i to red  by the  s im u l ta n e o u s  
t r a n s f e r  of t r a c e r  components, was p resen ted  by B r i a n ,  V i v i a n ,  
and Mayer ( 1 9 7 1 ) .  In  t h e i r  s tu d y ,  th e  e f f e c t  o f  c e l l u l a r  
c o n v e c t io n  was shown to  enhance the  l i q u i d - m a s s  t r a n s f e r  
c o e f f i c i e n t  by 3 .6  f o l d  f o r  the  system "p ro y le n e
0 .9 5  w e ight  % e t h y l  e t h e r  in  w a t e r ” . There  were no m ent ion  
o f  any te m p e ra tu r e  measurements d u r in g  the  p r o c e s s .
Thompson (1 9 70 )  s tu d ie d  the c o n t r i b u t i o n  o f  i n t e r f a c i a l  
t u r b u l e n c e  to  the  t r a n s f e r  r a t e .  Using a shadowgraph o p t i c a l  
t e c h n iq u e ,  he was ab le  t o  observe  c o n v e c t io n  c e l l s  and 
s u r fa c e  tu r b u le n c e  w i th  carbon d io x id e -s o d iu m  h y d r o x id e ,  and 
s u lp hur  d i o x i d e -  w a te r  systems but not w i th  a carbon d i o x i d e -  
w a te r  system.
B u r n e t t  and Himmelblau (1 9 70 )  s tu d ie d  th e  e f f e c t  o f  
s u r fa c e  a c t i v e  a gen ts  on i n t e r p h a s e  mass t r a n s f e r  in  a s t a t i c  
g a s - l i q u i d  system. Ammonia-water system was s e le c te d  f o r  two 
r e a s o n s ,  (1 )  ammonia is  v e r y  s o lu b le  in  w a t e r ,  and ( 2 )  from  
c o n s i d e r a t i o n  of  hydrodynamic s t a b i l i t y  ( i . e .  ammonia has the  
d e s i r a b l e  p r o p e r t y  t h a t  ammonia s o l u t i o n s  in  w a te r  become 
l e s s  dense as the  ammonia c o n c e n t r a t i o n  i n c r e a s e s ) .  They found  
t h a t  most o f  th e  s o lu b le  s u r fa c e  a c t i v e  a g e n ts  enhanced the  
ammonia a b s o r p t io n  r a t e s ,  a ls o  movements i n  the  i n t e r f a c e  were 
ob served .  I t  was concluded t h a t  th e  i n t e r f a c i a l  movements were
caused by the  Marangoni e f f e c t .
C la r k  and King (1970 )  a t t r i b u t e d  the  in c r e a s e  in  l i q u i d -  
phase m a s s - t r a n s f e r  c o e f f i c i e n t s  to  a c o n c e n t r a t io n  g r a d i e n t  
induced s u r fa c e  te n s io n  d r iv e n  c e l l u l a r  c o n v e c t io n ,  which  
th e y  were a b le  to  t r a c e .  A ls o ,  th e y  recorded  a randomly  
f l u c t u a t i n g  o u tp u t  s i g n a l  from the  thermocouple  te m p e ra tu r e  
p r o b e s .
Oyekan and S aw is tow sk i  (1971 )  employed a Mach-Zehnder  
i n t e r f e r o m e t e r  to  s tudy  gas a b s o r p t io n  w i th  chem ica l  r e a c t i o n .  
P i c t u r e s  o f  t h e  d is tu rb a n c e s  were shown, which th e y  c la im  to  
be d e n s i t y  d r i v e n .
S i m i l a r  d is tu rb a n c e s  were observed in  l i q u i d - l i q u i d  
e x t r a c t i o n ,  e . g .  O r e l l  and W estw ater  ( 1 9 6 2 ) ,  employing a 
S c h l i e r e n  t e c h n iq u e ,  observed a spontaneous i n t e r f a c i a l  
c e l l u l a r  c o n v e c t io n  accompanying th e  e x t r a c t i o n  o f  a c e t i c  
a c id  out  o f  e t h y le n e  g l y c o l  w i th  e t h y l  a c e t a t e .  I t  i s  not  
known i f  th e  l o c a l  v a r i a t i o n s  in  i n t e r f a c i a l  t e n s io n  were  
caused by mass o r  heat  t r a n s f e r  across th e  i n t e r f a c e ,  o r  by 
any i n t e r f a c i a l  chem ica l  r e a c t i o n  which r e le a s e s  h e a t .
A l l  th e  above i n v e s t i g a t o r s  dem onstra ted  th e  presence  
o f  c e l l u l a r  c o n v e c t io n ,  and some o f  them i n v e s t i g a t e d  th e  
t im e  o f  onset  o f  these  c e l l u l a r  m o t io n s .  I t  i s  c l e a r  t h a t  
th e  systems examined, in v o lv e d  chem ica l  r e a c t i o n s  which  
would g e n e r a te  heat  upon mass t r a n s f e r .  The c e l l u l a r  
co n v e c t io n  observed by most o f  the  above i n v e s t i g a t o r s  was 
most p ro b ab ly  produced as a r e s u l t  o f  the  f o l l o w i n g  f o u r  
mechanisms:
( i )  S u r fa c e  t e n s io n  d r i v e n ,  induced by t e m p e r a tu r e  
g r a d ie n t s  j
( i i )  s u r fa c e  t e n s io n  d r i v e n ,  induced by c o n c e n t r a t io n  
g r a d i e n t s ;
( i i i )  d e n s i t y  d r i v e n ,  induced by te m p e ra tu re  g r a d i e n t s ;  
( i v )  d e n s i t y  d r i v e n ,  ’ induced by c o n c e n t r a t io n  g r a d i e n t s ;
and not on ly  by s u r fa c e  te n s io n  fo r c e s  as c la im ed  by some 
i n v e s t i g a t o r s .  A ls o ,  from th e s e  s t u d i e s ,  t h e r e  is  no 
p r a c t i c a l  ev idence  as to  w h e th e r  s i m i l a r  d is tu rb a n c e s  occu rred  
i n  p h y s ic a l  mass t r a n s f e r ,  e . g .  carbon d i o x i d e - w a t e r  system.
T h e o r e t i c a l  work and t h e o r i e s  proposed to  e x p l a i n  th e s e  
i n s t a b i l i t i e s  were p re s e n te d  by many a u t h o r s .  A b r i e f  o u t l i n e  
o f  some o f  them w i l l  be g iv e n  h ere :
Pearson (1958 )  proposed a th e o r y  to  e x p l a i n  the  th e r m a l  
c o n v e c t io n  phenomenon, based on a c o n s ta n t  d e n s i t y  l a y e r  
w i t h  te m p e ra tu r e  dependent s u r fa c e  t e n s i o n .
An i n t e r e s t i n g  t r e a t m e n t  due to  N i e l d  (1 964 )  proposed  
t h a t  th e  two agencies  causing  i n s t a b i l i t y ,  buoyancy and 
s u r f a c e  t e n s i o n ,  r e i n f o r c e  one a n o th e r  and are  t i g h t l y  
c o u p le d .
Chan and S c r iv e n  (1 9 70 )  c o n s id e re d  t u r b u l e n t  a c t i o n  
which accounts f o r  th e  development o f  m ic r o f lo w  e lem ents  
t h a t  a re  not i n t e r r u p t e d  and re p la c e d  i n s t a n t a n e o u s l y .
Javdan i  (1975 )  p re s e n te d  a m a th e m a t ic a l  t r e a t m e n t  
which r e s u l t s  in  r e l a t i n g  th e  mass t r a n s f e r  c o e f f i c i e n t  to  
p h y s ic a l  and g e o m e t r ic a l  param eters  f o r  th e  t r a n s f e r  o f  mass 
through a s ta g n a n t  l a y e r  o f  f l u i d  in  the  presence o f  
buoyancy d r iv e n  c o n v e c t iv e  c e l l s .
N a k a ik e ,  Takahashi  and Tadaki  (1 9 77 )  p re s e n te d  a 
nu m e r ic a l  a n a ly s is  o f  mass t r a n s f e r  between d i f f e r e n t  f l u i d  
phases f o r  th e  case in  which th e  change in  i n t e r f a c i a l
t e n s io n  by c o n c e n t r a t io n  was th e  o n ly  f a c t o r  r e s p o n s ib le  f o r  
th e  f lo w  w i t h i n  th e  phase.
A d e t a i l e d  i n v e s t i g a t i o n  o f  gas a b s o r p t io n  i n t o  a s t a t i c  
w a t e r  pool  was p re s en ted  by Thomas e t  a l  (1 9 7 2 ;  1973; 1 9 7 4 ) .  
In  t h e i r  i n v e s t i g a t i o n s  a t r a n s d u c e r  and b i r e f r i n g e n t  o p t i c s  
were employed. ■ I n  (1972) a .study o f  the  p h y s ic a l  a b s o r p t io n  
o f  CO2 by w a t e r  in  a s t a t i c  pool was p r e s e n te d .  I t  has shown 
t h a t  the  t a k e -u p  o f  CO2 gas measured by t r a n s d u c e r  and o p t i c s  
d i f f e r s .  The d i f f e r e n c e  dem onstra tes  th e  presence o f  
a n o th e r  type  o f  t r a n s p o r t  in  t h e  s o l u t i o n s  ( c o n v e c t iv e  
d i s t u r b a n c e s ,  m ic ro e d d ie s  o r  p e r t u r b a t i o n s ) , as w e l l  as 
m o le c u la r  d i f f u s i o n .  Th is  c o n c lu s io n  was based on th e  f a c t  
t h a t  a carbon d io x id e  s o l u t i o n  in  w a t e r  i s  more dense than  
pure w a t e r ,  t h e r e f o r e ,  a d e n s i t y  g r a d i e n t  would e x i s t  near  
th e  i n t e r f a c e  upon a b s o r p t io n .  Such c o n d i t i o n s ,  e i t h e r  due 
to  d e n s i t y  o r  s u r fa c e  te n s io n  changes, produce i n s t a b i l i t y  
ne a r  the  s u r fa c e  and when s u f f i c i e n t l y  l a r g e . a r e  d e t e c t a b l e  
by t h e  S c h l i e r e n  method. The au th o rs  (1 9 73 )  and (1 9 7 4 )  
p re s e n te d  an i n v e s t i g a t i o n  o f  o t h e r  systems o t h e r  than  th e  
carbon d i o x i d e - w a t e r  system. They drew a t t e n t i o n  to  th e  
f a c t  t h a t  in  a l l  th e  systems s t u d i e d ,  carbon d i o x i d e - w a t e r ,  
a c e t y l e n e - w a t e r ,  ammonia-water  and s u lp h u r  d i o x i d e - w a t e r ,  
d is tu rb a n c e s  a t  the  l i q u i d  s u r fa c e  were produced a lm ost  
i n s t a n t a n e o u s ly  upon exposure o f  th e  gas to  the  l i q u i d .
For th e  r e l a t i v e l y  i n s o l u b l e  CO2 and C2 H2 c e l l u l a r  
d i s t u r b a n c e s ,  ’ r o l l  c e l l s ’ were not observed in  th e  f i r s t  
150 sec o f  exposure o f  th e  gas to  l i q u i d ,  whereas th e y  
observed these  c e l l u l a r  d is tu rb a n c e s  deve loped f a i r l y  
q u i c k l y  f o r  the  a b s o r p t io n  o f  NH3 and SO2 , i . e .  c o n v e c t iv e  
f lo w s  e x i s t  long b e fo r e  the  v i s u a l  onset  o f  c e l l u l a r
d is tu rb a n c e s  ( r o l l  c e l l s ,  o r  m a c r o - t u r b u l e n c e ) . They s t a t e d  
t h a t  th e  c e l l u l a r  d is tu r b a n c e s  are  th e  ones d e te c te d  by the  
S c h l i e r e n  and Shadowgraph te c h n iq u e s .
As can be seen from th e  above i n v e s t i g a t i o n s ,  the  
s u b j e c t  m a t t e r  o f  a b s o r p t io n  o f  gas in  l i q u i d s  has r e c e iv e d  
c o n s id e r a b le  a t t e n t i o n .  However, th e r e  is  l i t t l e  a v a i l a b l e  
l i t e r a t u r e  on d e s o r p t io n  mechanisms. G e n e r a l ly  th e  p h y s ic a l  
d e s o r p t io n  is  co n s id e re d  as a process which i s  a m i r r o r - i m a g e  
o f  the  p h y s ic a l  a b s o r p t io n  process (Danckwerts  ( 1 9 7 0 ) ;  
Sherwood e t  a l  ( 1 9 7 5 ) ;  T r e y b a l  ( 1 9 6 8 ) ) .
An i n t e r e s t i n g  s ta te m e n t  about th e  mechanism o f  
d e s o r p t io n  was p re s en ted  by M i l l e r  (1965 )  who s a id  t h a t ,
’ t h e  r a t e  o f  a c e ty le n e  d e s o r p t io n  is  much g r e a t e r  than  can 
be accounted f o r  by d i f f u s i o n  through the  o v e r a l l  depth o f  
l i q u i d ,  because, even in  s o l u t i o n  a t  r e s t ,  t h e r e  is  
c o n v e c t io n  due to  d i f f e r e n c e  in  d e n s i t y ’ .
R e c e n t l y ,  Thomas and Ray (1 9 75 )  i n v e s t i g a t e d  th e  
d e s o r p t io n  o f  gases from h o r i z o n t a l  s ta g n a n t  w a t e r  p o o ls .  A 
s im ultaneous  b i r e f r i n g e n t  and p re s su re  t r a n s d u c e r  t e c h n iq u e  
were used. They found t h a t ,  f o r  th e  carbon d i o x i d e - w a t e r  
system, buoyancy d r iv e n  c o n v e c t io n  d is tu r b a n c e s  were absent  
d u r in g  d e s o r p t io n ,  i . e .  no d is tu r b a n c e s  a id  th e  t r a n s f e r  
p r o c e s s .
I t  i s  e v id e n t  from the  above i n v e s t i g a t i o n s  t h a t  
c o n v e c t iv e  d is tu r b a n c e  i s  one o f  th e  param eters  which a f f e c t  
th e  t r a n s f e r  p rocesses .  A p a r t  o f  the  p re s e n t  s tudy  w i l l  be 
concerned w i t h  th e  i n v e s t i g a t i o n  o f  these  c o n v e c t iv e  
d is tu rb a n c e s  f o r  the  case o f  a b s o r p t io n  and d e s o r p t io n  i n t o  
and from f lo w in g  l i q u i d  f i l m s  on an i n c l i n e d  p l a n e .
1 . 2 . 3 .  S u r fa c e  r e s i s t a n c e
In  o r d e r  to  reach a b e t t e r  un d e rs ta n d in g  o f  th e  
t r a n s f e r  mechanism across an i n t e r f a c e ,  th e  p o s s i b i l i t y  o f  
a s u r fa c e  r e s i s t a n c e  has to  be c o n s id e re d .  O b s e rv a t io n s  have 
been made by a number o f  workers  about th e  e x is t a n c e  and 
magnitude o f  th e  s u r f a c e  r e s i s t a n c e .  A b r i e f  account  o f  th e  
most u s e f u l  p re v io u s  work on th e  e x a m in a t io n  o f  s u r f a c e  
b e h a v io u r  w i l l  be g iven  h e r e .
H ig b ie  (1 9 35 )  p re s e n te d  a t h e o r y  which p r e d i c t s  t h a t  
th e  r a t e  o f  a b s o r p t io n  should be p r o p o r t i o n a l  to  th e  square  
r o o t  o f  th e  d i f f u s i o n  c o e f f i c i e n t .  In  t h i s  t h e o r y  i t  i s  
assumed t h a t  e q u i l i b r i u m  is  ach ie v e d  i n s t a n t a n e o u s l y  a t  the  
i n t e r f a c e  between th e  phases, i . e .  t h e r e  i s  no i n t e r f a c i a l  
r e s i s t a n c e  to  mass t r a n s f e r .  E x p e r i m e n t a l l y ,  a bubble  o f  
gas was a l lo w e d  to  r i s e  through th e  l i q u i d  and th e  r a t e  o f  
d im in u t io n  o f  i t s  s i z e  was measured. H ig b ie  (1 9 35 )  found  
t h a t  th e  e x p e r im e n ta l  r e s u l t s  were le s s  than  th e  t h e o r e t i c a l  
p r e d i c t i o n s  o f  the  r a t e  o f  t r a n s f e r .  Th is  d i f f e r e n c e  was 
e x p la in e d  as a r e s i s t a n c e  to  mass t r a n s f e r  a t  th e  i n t e r f a c e .
Goodgame and Sherwood (1 9 53 )  us ing a s t i r r e d  l i q u i d  
f a i l e d  to  d e te c t  any i n t e r f a c i a l  r e s i s t a n c e .
Danckwerts and Kennedy (1 9 54 )  exposed a t h i n  f i l m  o f  
w a t e r  on a r o t a t i n g  drum to carbon d i o x i d e .  These workers  
concluded t h a t  th e r e  is  an i n t e r f a c i a l  r e s i s t a n c e  to  m a t t e r  
t r a n s f e r .
Emmert and P i g f o r d  ( 1 9 5 4 ) ,  us ing s u r f a c e  a c t i v e  agent  
s o l u t i o n s  in  a s h o r t  w e t te d  w a l l  column, found t h a t  t h e r e  
was a r e s i s t a n c e  to  mass t r a n s f e r  a t  th e  i n t e r f a c e .  They 
assumed t h a t  the o n ly  e f f e c t  o f  th e  s u r f a c e  a c t i v e  agent  was 
to  m odi fy  th e  dynamics o f  the  f l u i d  f l o w ,  in  p a r t i c u l a r  to
e l i m i n a t e  r i p p l e s ,  and t h e r e f o r e  t h a t  t h e r e  must a ls o  be an 
i n t e r f a c i a l  r e s i s t a n c e  w i t h  a pure l i q u i d .
Lynn, S t r a a t e m e i e r  and Kramers (1955 )  s t u d i e d  the  
a b s o r p t io n  o f  s u lp h u r  d i o x id e  by w a t e r ,  aqueous s o l u t i o n s  o f  
HC&-, NaHS03 and NaC£, us ing  a r e l a t i v e l y  long w e t t e d - w a l l  
column. In  th e  l i g h t  o f  the  data  o b ta i n e d ,  th e y  suggested  
t h a t  the  s u r fa c e  o f  th e  w a t e r  f i l m  is  i n s t a n t a n e o u s ly  
s a t u r a t e d  a t  th e  e q u i l i b r i u m  c o n c e n t r a t io n  upon exposure to  
S02 , i . e .  no s u r fa c e  r e s i s t a n c e .  A ls o ,  Lynn e t  a l  ( 1 9 5 5 ) ,  
using  a s h o r t  w e t t e d - w a l l  column as w e l l  as w e t te d  s p h e re s ,  
found t h a t  the  p e n e t r a t i o n  th e o r y  o f  H ig b ie  (1 9 35 )  could  be 
used to  e x p l a i n  t h e i r  r e s u l t s  even though s u r fa c e  a c t i v e  
agents  were d i s s o lv e d  in  th e  l i q u i d  phase. They concluded  
t h a t  th e r e  i s  no r e s i s t a n c e  to  t r a n s f e r  across th e  i n t e r f a c e ,  
and th e  s u r fa c e  a c t i v e  agent  m ere ly  m o d i f ie s  th e  h y d ro ­
dynamics o f  the  e x p e r im e n ts .
V i v i a n  and Peaceman (1 9 56 )  measured the  d e s o r p t io n  o f  
carbon d io x id e  from w a t e r ,a n d  c h l o r i n e  from d i l u t e  
h y d r o c h l o r ic  a c id  s o l u t i o n s .  T h e i r  e x p e r i m e n ta l  r e s u l t s  
were 10-30% below th e  p r e d i c t i o n s  o f  the  t h e o r e t i c a l  model ,  
assuming a f l a t  v e l o c i t y  p r o f i l e  and using th e  p e n e t r a t i o n  
th e o r y  o f  H ig b ie  ( 1 9 3 5 ) .  Two p o s s ib le  e x p la n a t io n s  f o r  
t h i s  d is c re p a n c y  were g iv e n :
-  th e  f i r s t  was due to  th e  f a c t  t h a t  the  f a l l i n g  l i q u i d  
l a y e r  i s  a c t u a l l y  f i n i t e  in  th ic k n e s s  and has a 
p a r a b o l i c  v e l o c i t y  g r a d i e n t ;
-  th e  second was la c k  o f  e q u i l i b r i u m  a t  the  g a s - l i q u i d  
i n t e r f a c e ,  i . e .  th e  f a i l u r e  o f  e q u i l i b r i u m  to  be 
e s t a b l i s h e d  a t  th e  i n t e r f a c e  may be i n t e r p r e t e d  in
terms o f  the  presence o f  an e x t r a ,  i n t e r f a c i a l  r e s i s t a n c e
C u l le n  and Davidson (1 957 )  used a w a te r  j e t  to  measure 
th e  a b s o r p t io n  r a t e  o f  carbon d i o x id e  a t  very  s h o r t  p e r io d s  
o f  exposure ,  and found t h a t  th e  e x p e r im e n ta l  da ta  was lo w e r  
than  t h e o r y .  They c la im ed  t h a t  t h i s  d i f f e r e n c e  was due to  
hydrodynamic e n t r y  e f f e c t ,  w h i le  o th e r s  i n t e r p r e t e d  t h i s  
d i f f e r e n c e  as s u r fa c e  r e s i s t a n c e .  Also Davidson and C u l le n  
(1 9 5 7 )  measured the  r a t e  o f  a b s o r p t io n  o f  s p a r i n g l y  s o lu b le  
gases in  l i q u i d  f lo w in g  o v e r  a s p h e r e .  The d i f f u s i o n  
c o e f f i c i e n t s  o b ta in e d  compared s a t i s f a c t o r i l y  w i t h  p re v io u s  
w o r k e r s ’ r e s u l t s  using o t h e r  methods. C o n s e q u e n t ly , * they  
suggested t h a t  the  assumptions made in  d e r i v i n g  the  
t h e o r e t i c a l  e x p r e s s io n s ,  which have been used to  o b t a i n  • 
d i f f u s i o n  c o e f f i c i e n t s ,  a re  v a l i d ,  i . e .  the  s u r f a c e  o f  th e  
l i q u i d  i s  c o n s t a n t l y  s a t u r a t e d ,  ’ no s u r fa c e  r e s i s t a n c e ’ .
In  t h i s  s e r i e s ,  C u l le n  and Davidson (1 9 57 )  a ls o  i n v e s t i g a t e d  
th e  e f f e c t  o f  s u r fa c e  a c t i v e  agents  on th e  s u r f a c e  r e s i s t a n c e  
and found t h a t  the  r e s i s t a n c e  to  mass t r a n s f e r  f e l l  to  zero  
a t  v e ry  low and v e ry  high c o n c e n t r a t io n s  o f  th e s e  a g e n ts .
S c r iv e n  and P i g f o r d  (1 958 )  s t u d i e d  th e  phase e q u i l i b r i u m  
between gas -  l i q u i d  i n t e r f a c e  d u r in g  a b s o r p t i o n .  They 
concluded t h a t  e q u i l i b r i u m  i s  e s t a b l i s h e d  a lmost  i n s t a n ­
ta n e o u s ly  f o r  s o lu te s  t h a t  have low s o l u b i l i t i e s  when o n ly  
p h y s ic a l  a b s o r p t io n  o c c u rs .
Of the  e x p e r im e n ta l  methods used, the  o p t i c a l  t e c h n iq u e  
d e s c r ib e d  by Harvey and Smith ( 19 59 j 1958) is  t h e 'm o s t  
commendable. Harvey and Smith (1 9 59 )  examined the  p o s s i b i l i t y  
o f  a s u r f a c e  r e s i s t a n c e ,  and they  found no m easurable  
r e s i s t a n c e  a t  th e  i n t e r f a c e  f o r  CO2 a b s o r p t io n  in  s t a t i c  
l i q u i d  p o o ls .  However, c a r e f u l  e x a m in a t io n  o f  H a r v e y 's  t h e s i s  
shows t h a t  many o f  the o p t i c a l  re a d in g s  were prone to  e r r o r .
Chiang and Toor  (1959 )  measured the  a b s o r p t io n  r a t e s  o f  
oxygen i n t o  w a t e r  by pass ing  a l a m in a r  j e t  th rough th e  pure  
gas .  The a b s o r p t io n  r a t e  was s i g n i f i c a n t l y  lo w e r  than  th e  
t h e o r e t i c a l  v a lu e s  corres p o n d in g  to  no i n t e r f a c i a l  r e s i s t a n c e .  
I n  t h e i r  a n a l y s i s ,  th e y  came to  th e  c o n c lu s io n  t h a t  t h e r e  is  
a s u r fa c e  r e s i s t a n c e  o f  a ve ry  s m a l l  magnitude which could  
be n e g le c te d  in  most gas a b s o rb e rs .
Raimondi and Toor  (1959 )  a ls o  used a l a m in a r  j e t  method 
to  s tudy the  a b s o r p t io n  o f  carbon d io x id e  i n t o  w a t e r .  They 
found t h a t  th e  a b s o r p t io n  was 1 to  4% lo w e r  than  th e  
t h e o r e t i c a l  r a t e  a t  which th e  s u r fa c e  i s  in s t a n t a n e o u s l y  
s a t u r a t e d .  They i n d i c a t e d  t h a t ,  a t  most, i n t e r f a c i a l  
r e s i s t a n c e  in  t h i s  system was s m a l l  and j u s t i f i e s  the  
common assumption o f  i n t e r f a c i a l  e q u i l i b r i u m .
B a i r d  and Davidson (1 952 )  have a ls o  c la im ed  t h a t  a 
s i g n i f i c a n t  r e s i s t a n c e  e x i s t s  a t  th e  i n t e r f a c e  between a gas 
phase and an a b s o rb in g  l i q u i d .  An a n n u la r  j e t  was used in  
t h i s  i n v e s t i g a t i o n .
Goodridge and B r i c k w e l l  (1 9 6 2 )  have s t u d i e d  the  e f f e c t s  
o f  s u r fa c e  a c t i v e  agents  on gas a b s o r p t io n  races  in  a 
s t i r r e d  v e s s e l .  They reached th e  c o n c lu s io n  t h a t  s u r f a c e  
a c t i v e  agents  can a p p r e c ia b ly  in c r e a s e  the  s u r fa c e  
r e s i s t a n c e  to  mass t r a n s f e r .  However, in  an uncontam ina ted  
system, th e  i n t e r f a c i a l  r e s i s t a n c e  is  q u i t e  s m a l l  compared 
to  th e  r e s i s t a n c e  in  th e  b u lk .
Duda and Vre n ta s  (1968)  de te rm ined  the  d i f f u s i o n  o f  
some gases us ing a l a m in a r  l i q u i d  j e t .  I n  t h e i r  s t u d y ,  th e y  
came to  th e  c o n c lu s io n  t h a t  t h e r e  i s  no s u r f a c e  r e s i s t a n c e .
Thomas, Khanna and Palmer  (1972 )  o b ta in e d  r e s u l t s  f o r  
the  a b s o r p t io n  o f  carbon d io x id e  by pure w a t e r  us ing  a
b i r e f r i n g e n t  i n t e r f e r o m e t r i c  method and p re s su re  t r a n s d u c e r .  
I n  t h e i r  a n a l y s i s ,  a s u r fa c e  r e s i s t a n c e  was measured and i t  
was shown to  be o f  a p p r e c i a b l e  m a gn i tu de .  However, the  
a ccuracy  o f  d e f i n i n g  t h e  p o s i t i o n  o f  th e  i n t e r f a c e ,  and the  
method used to  account  f o r  th e  c o n v e c t iv e  d is tu r b a n c e s  are  
c a pab le  o f  improvement. In  a s e r i e s  o f  i n v e s t i g a t i o n s  Thomas 
and Ray (1 975 )  showed the  presence o f  an a p p r e c ia b le  s u r fa c e  
r e s i s t a n c e  d u r in g  d e s o r p t io n  o f  gases from s t a t i c  w a t e r  pools  
employing the  same t e c h n iq u e s .  More r e c e n t l y ,  Thomas and Ray 
(1 976 )  concluded t h a t  a s u r fa c e  r e s i s t a n c e  e x i s t s  o f  an . 
a p p r e c ia b le  magnitude d u r in g  a b s o r p t io n  o f  carbon d i o x id e  
i n t o  w a t e r ,  w i t h o u t  t a k i n g  i n t o  account the  e f f e c t  o f  
c o n v e c t iv e  d i s t u r b a n c e s .
On th e  b a s is  o f  t h i s  l i t e r a t u r e  s u rv e y ,  t h e r e  remains  
some u n c e r t a i n t y  and c o n f l i c t i n g  s ta te m e n ts  about s u r f a c e  
r e s i s t a n c e .  The q u e s t io n  o f  w h e th e r  a s u r fa c e  r e s i s t a n c e  
e x i s t s  o r  not remains u n re s o lv e d .  I t  was dec ided  to  
i n v e s t i g a t e  f u r t h e r  the  q u e s t io n  o f  th e  s u r fa c e  r e s i s t a n c e  
as a p a r t  o f  t h i s  i n v e s t i g a t i o n ,  in  o r d e r  to  reach a b e t t e r  
u n d e rs ta n d in g  o f  th e  fundam enta l  mechanism o f  th e  t r a n s f e r  
proc e s se s .
CHAPTER 2
THEORETICAL DEVELOPMENT
T h e o r e t i c a l  Development
2 . 1 .  I n t r o d u c t i o n
Some o f  the  u s e f u l  t h e o r i e s  o f  mass t r a n s f e r  w i l l  be 
developed and p re s e n te d  here  in  an a t te m p t  to  reach an 
un d e rs ta n d in g  o f  the  t r a n s f e r  mechanism. Two b a s ic  
t h e o r i e s  w i l l  be c o n s id e re d  in  th e  development o f  two 
models f o r  th e  d e s o r p t io n  and a b s o r p t io n  o f  gas from and 
i n t o  f lo w in g  l i q u i d  f i l m .  The f i r s t  model w i l l  be based  
on th e  s im p le  p e n e t r a t i o n  th e o r y  o f  H ig b ie  (1 9 35 )  and the  
second model on th e  f i l m  t h e o r y  o f  Lewis and Whitman ( 1 9 2 4 ) .
2 . 2 .  Model ( I )
H ig b ie  (1935)  proposed t h a t  th e  process o f  s o l u t e  
t r a n s f e r  i s  an unsteady s t a t e  process in  which th e  
c o n c e n t r a t io n  o f  the  s o l u t e  a t  any p la c e  in  th e  f a l l i n g  f i l m  
i s  c o n t r o l l e d  by d i f f u s i o n  o f  m olecu les  i n t o  and out  o f  th e  
s e c t i o n ,  and by b o d i l y  t r a n s p o r t  o f  m olecu les  owing to  b u lk  
motion o f  the  f i l m .  The word ’ f i l m ’ was used to  d e s c r ib e  
the  e n t i r e  l i q u i d  l a y e r .
Vyazovov (1940 )  and P i g f o r d  (1941 )  p re s e n te d  a s o l u t i o n  
o f  th e  d i f f u s i o n  e q u a t io n  go vern ing  th e  a b s o r p t io n  o f  gases 
i n t o  f lo w in g  l i q u i d  f i l m s  based on H i g b i e ' s  (1 9 3 5 )  h y p o th e s is .  
Th is  s o l u t i o n  was o r i g i n a l l y  d e r iv e d  f o r  fo r c e d  c o n v e c t io n  
problems by G ra e tz  (1 8 83 ;  1885) and N u s s e l t  ( 1 9 1 0 ) ,  and 
rev iew e d  by Drew ( 1 9 3 1 ) .  In  t h e i r  d e r i v a t i o n s ,  i t  i s  
assumed t h a t : .
(a )  The f lo w in g  l i q u i d  f i l m  is  in  l a m in a r  m o t io n ,
i . e .  has a p a r a b o l i c  v e l o c i t y  p r o f i l e .
(b )  The s u r fa c e  o f  the  f i l m  is  moving a t  a u n i fo rm  
v e l o c i t y ,  i . e .  no i n t e r f a c i a l  s h e a r  o r  wave m o t io n .
(c )  The i n t e r f a c i a l  c o n c e n t r a t io n  has a c o n s ta n t  v a l u e ,  
and is  equal  to  th e  e q u i l i b r i u m  v a l u e .
(d)  The e f f e c t  o f  d i f f u s i o n  in  th e  d i r e c t i o n  o f  f lo w  
i s  n e g l i g i b l e .
In  an a t te m p t  to  reach a b e t t e r  u n d e rs ta n d in g  o f  the  
t r a n s f e r  phenomenon, we, to o ,  have s t u d i e d  the  o r i g i n a l  work  
as w e l l  as Vyazovov (1940 )  and P i g f o r d  (1941 )  d i d .  .As a 
r e s u l t  we a re  p r e s e n t in g  th e  d e r i v a t i o n  f o r  a b s o r p t io n  and 
e x te n d in g  th e  work to d e s o r p t io n .  Some o f  the  reasons f o r  
d e r i v i n g  th e s e  e q u a t io n s  a r e :
( i )  No s o l u t i o n  was p re s e n te d  f o r  the  d e s o r p t io n  
p r o c e s s ;
( i i )  to  compare th e  t h e o r e t i c a l  p r e d i c t i o n s  o f  the  
a b s o r p t io n  and d e s o r p t io n  processes,*
( i i i l  to  compare t h i s  model,  which is  based on a s im ple  
p e n e t r a t i o n  model,  w i t h  Model ( I I ) ,  which i s  based  
on the  f i l m  t h e o r y ;
( i v )  to  compare w i th  th e  e x p e r im e n ta l  r e s u l t s .
2 . 2 . 1 .  Genera l  s o l u t i o n  f o r  a b s o r p t i o n , . Model ( I )
The complete  form o f  th e  fundam enta l  d i f f e r e n t i a l  
e q u a t io n  f o r  d i f f u s i o n  in  two d i r e c t i o n s  in  a f l u i d  f lo w in g  
in  a l a m in a r  motion i s :
+ u i £  + v 3c .  D ( a fo  + 3 l c  (2>1 )
3 t  x 3*  y L3x 2 3y ;
A d iagram m at ic  r e p r e s e n t a t i o n  o f  th e  problem i s  shown in  
F i g . ( 2 . 1 ) .  Th is  e q u a t io n  has been so lved  assuming:
(1 )  The l i q u i d  f i l m  has a p a r a b o l i c  v e l o c i t y  p r o f i l e ,  
N u s s e l t  ( 1 9 1 6 ) ,  where
ux “m t1 ' © ( 2 . 2 )
(2 )  N e g le c t in g  d i f f u s i o n  in  th e  d i r e c t i o n  o f  f l o w ,  i . e
— ■ = 0 . ( 2 . 3 )
3x2
(3 )  No wave mot ion (smooth s u r fa c e  l a m i n a r  f l o w ) ,  i . e .
vy = 0 ( 2 . 4 )
*  -  « > ■ ]
/
/
Horizontal
Fig.  C2.1)
D iagrammatic  r e p r e s e n t a t i o n  o f  d i f f u s i o n  problem in  
l a m in a r  l i q u i d  l a y e r
(4 )  I n t e r f a c i a l  c o n c e n t r a t io n  is  c o n s ta n t  and equa l  to  
th e  e q u i l i b r i u m  s a t u r a t i o n  v a lu e ;  t h i s  assumption  
seems to  be v a l i d  in  our  case s in c e  th e  gas volume 
was made v e ry  l a r g e  in  o r d e r  to  ensure t h a t  the  
carbon d io x id e  p a r t i a l  p re s s u re  would o n ly  change 
s l i g h t l y  from th e  o r i g i n a l  v a lu e  o v e r  the  
a b s o r p t io n  t i m e .
At s t e a d y - s t a t e ,  the  c o n c e n t r a t io n  a t  any p o in t  
does not depend on t i m e ,  i . e .
For  conven ien ce ,  y ,  x and c would be r e p la c e d  w i t h  the
9c
9t 0 £ 2 .5 )
S u b s t i t u t i n g  e q u a t io n s  £ 2 .2 )  to  ( 2 . 5 )  i n t o  e q u a t io n  £ 2 . 1 ) ,  
e q u a t io n  ( 2 . 1 )  reduces t o :
£2 . 6 )
d im ens ion less  v a r i a b l e s
X xL
Y ( 2 . 7 )
c - c .
ic
T h e r e f o r e ,  e q u a t io n  ( 2 . 6 )  becomes
(1 -  V* )  f £ DL a 2c [ 2 . 8 )
u h 2 8Y2m
A s o l u t i o n  in  th e  form
F C Y D  - GCXD ( 2 . 9 )
w i l l  be assumed, where
F(Y)  r e p r e s e n ts  a f u n c t i o n  o f  Y a lo n e ,  and 
G(X) r e p r e s e n ts  a f u n c t i o n  o f  X a lo n e .
T h e r e fo r e  e q u a t io n  ( 2 . 8 )  becomes:
h 2u
DL
m 1 3G
g a x
a 2 F
a Y 2
( 1 - Y 2 )F
- b 2 ( 2 . 10)
The l e f t  p a r t  o f  th e  above .eq u a t io n  depends o n ly  on X, 
w h i le  t h e .  o t h e r  p a r t  on the  r i g h t  depends o n ly  on Y;
t h e r e f o r e ,  each s id e  must be equa l  to  a c o n s ta n t  v a l u e .  Le t
i t  be - b 2 , where ’ b ' i s  an a r b i t r a r y  c o n s t a n t .
The problem now depends on s o l u t i o n  o f  the  two o r d i n a r y
d i f f e r e n t i a l  e q u a t io n s :
3G
a x + b:
DL
h u
0 ( 2 . 11 )
m
and
a 2 F
3Y2
+ b 2 (1 -  Y2 )F ( 2 . 12 )
The s o l u t i o n  o f  e q u a t io n  ( 2 . 1 1 )  w i l l  be as f o l l o w s :
- b 2 DL 
^h2u
X
B e ( 2 . 1 3 )
and t h e  s o l u t i o n  o f  e q u a t i o n  ( 2 . 1 2 )  w i l l  be :
- bY'
4!
C b -  5 3 (b -  1.) Y1* + ■ - - - + a i Y 1 - 3!
C b - 3 )  Y 2 + C b - 7 0  C b - 3 )  Y + - - -  J ( 2 . 1 4 )
A d e t a i l e d  d e r i v a t i o n  o f  e q u a t io n  ( 2 . 1 4 )  i s  g iv e n  in  
Appendix ( A ) ,  s u b s e c t io n  ' ( A - I ) ( 1 ) .
T h e r e f o r e ,  th e  complete  p a r t i c u l a r  s o l u t i o n  o f  the  
p a r t i a l  d i f f e r e n t i a l  e q u a t io n  ( 2 . 8 )  i s :
-b 2 i DL
h2u
x bY:
m 1 -  —  1 21
( b - 1 ) Y2 + jr ( b - 5 ) ( b - D Y "  + —
+ a i  Y 1 - ( b - 3 )  Y2 + 1^- ( b - 7 )  ( b - 3 )
Y + — ( 2 . 1 5 )
in  which the  c o n s ta n t  B i s  absorbed by a and a i .J o
Fo r  d e te r m in in g  th e  th r e e  a r b i t r a r y  c o n s ta n ts  b ,  a 
and a , .we have the  f o l l o w i n g  boundary c o n d i t i o n s :
1 when X = 0 , 0 < Y < 1 ( 2 . 1 6 )
0 when Y = 0 , 0 < X < 1 ( 2 . 1 7 )
3c
3Y 0 when Y = 1 , 0 < X < 1
( 2 . 1 8 )
From b o u n d a r y  c o n d i t i o n s  ( 2 . 1 7 )  and e q u a t i o n  ( 2 . 1 5 ) :
- b 2 DL
h2u
X
m
Since th e  e x p o n e n t i a l  te rm  i s  not z e r o ,
a = 0  o
T h e r e f o r e ,  e q u a t io n  ( 2 . 1 5 )  reduces t o :
- b 2 DL
h2 u
X bYJ
m
a i Y I - jT C b -3 )Y :
+ ( b - 7 )  Cb-3) + - - - ( 2 . 1 9 )
From boundary c o n d i t io n  ( 2 . 1 6 )  and e q u a t io n  ( 2 . 1 9 ) ,  we have:
1 ='  l . a.  4. tY,b13 ( 2 . 2 0 )
where
<j>(Y,b.)
h Y2l  2 ve Y
b .
1 -  ( b . - 3 ) .YJ • 1
bt
( 2 . 2 1 )
From boundary c o n d i t io n  ( 2 . 1 8 )  and e q u a t io n  ( 2 . 1 9 ) ,  we have:
- b 2l
f DL 1 X
I  a i
‘h2um
HY + t Y ' b i J
( 2 . 2 2 )
Y = 1
As t h e  e x p o n e n t i a l  t e r m  i s  n o t  z e r o ,  e q u a t i o n  ( 2 . 2 2 )  g i v e s :
BY + ( Y ' bi J
( 2 . 2 3 )
Y=1
D i f f e r e n t i a t i n g  <j)(Y,b^) and e q u a t in g  the  r e s u l t s  to  zero  
produces th e  f o l l o w i n g  e q u a t io n :
r 3 - b . i r 5 - b o
C 1 -b . )  -  b , 1 ( b . - 3 )  + b? l
L 3! J i  i L 51
( b . - 7 ) ( b i - 3 )
-  b? 
1
7 - b n  
7 1
( 2 . 2 4 )
 i | ( b . - 7 ) ( b , - 3 )    = 0
, 7 > J 1 1 1
Th is  e q u a t io n  has an i n f i n i t e  number o f  p o s i t i v e  r e a l  
r o o t s ,  which have been de te rm ined  w i t h  th e  he lp  o f  th e  
computer (see Appendix ( A ) ,  s u b s e c t io n  ( A - I ) ( 3 ) ) , and th e  
f i r s t  f o u r  o f  th e s e  a re  as f o l l o w s :
b = 2 .2 6 1 4o
bi  = 6 .3 2 9 5
b 2 = 1 0 .5 2 32
b 3 = 1 4 .6 3 04  .
The ' a ^ '  v a lu e s  may be de te rm ined  from th e  f o l l o w i n g  
e q u a t io n :
a. =   ( 2 . 2 5 )
b? / l ( 1 - Y 2 ) lji2 ( Y , b .  )dY
A d e t a i l e d  d e r i v a t i o n  o f  e q u a t io n  ( 2 . 2 5 )  i s  g iv e n  in  
Appendix ( A ) ,  s u b s e c t io n  ( A - I ) ( 2 ) .  The ' a ^ ’ v a lu e s  have 
been de te rm ined  using e q u a t io n  ( 2 . 2 5 )  w i t h  th e  h e lp  o f  the  
computer  (see Appendix ( A ) ,  s u b s e c t io n  ( A - I ) ( 3 ) ) ,  i n  which  
th e  v a lu e  o f  the  d e f i n i t e  i n t e g r a l  was o b ta in e d  by S im pson’ s 
r u l e ; (see McCracken ( 1 9 6 1 ) ) .  The v a lu e s  o f  ’ a ^ ’ were :
a 2 .7 3 8 3o
. a i  = 2 .8 4 1 8
a2 = 2 .7 9 2 8
a 3 = 0 .1 1 5 2
The average  amount o f  s o l u t e  absorbed in  th e  f l o w i n g  
f i l m  is  de te rm ine d  by m u l t i p l y i n g  C^ (by the  end o f  th e  
w e t te d  w a l l  o r  i n c l i n e d  p la n e )  by the  v e l o c i t y  p r o f i l e  and 
i n t e g r a t i n g  f rom  0 to  Y, then  th e  r e s u l t  should  be d i v i d e d  
by the  volume o f  f l u i d  f l o w i n g ,  i . e .
The f i r s t  f o u r  i n t e g r a l s ,  i . e .  from i  = 1 to  4 ,  were  
determ ined  by Simpson’ s " ru le ,  w i t h  th e  he lp  o f  th e  computer  
(see Appendix ( A ) ,  s u b s e c t io n  ( A - I ) ( 3 ) )  and th e  f i n a l  forms  
become:
S H 'I -  I e . a . <j>( Y ,b  . )  } (1 -  Y2 ) dY 0 1 1
ACL-avg c l Z 1 ( 1 - Y 2 ) dY
o
J i  o
( 2 . 2 6 )
AC. = c. «( 1 -  T o . 7977 eL-avg  l  \  L
- 5 . 1138n
+ 0 .1 1 8 7  e - 4 0 . 0 6 2 2 n + 0 .0 1 8 2  e —1 1 0 .7 3 7  3r)
+ 0 .0184 e 2 1 4 . 0471ri
( 2 . 2 7 )
•which is  the  average amount o f  s o lu t e  absorbed,  where
DL
n
m
2 . 2 . 2 .  General  s o l u t i o n  f o r  d e s o r p t io n ,  Model ( I )
The fundam enta l  d i f f e r e n t i a l  e q u a t io n  f o r  d i f f u s i o n  
from a f l u i d  f lo w in g  in  a la m in a r  motion is  g ive n  by:
In  s o lv i n g  t h i s  d i f f e r e n t i a l  e q u a t io n  f o r  d e s o r p t io n ,  
th e  same assumptions can be made as in  a b s o r p t io n  e x ce p t  t h a t  
th e  i n t e r f a c i a l  c o n c e n t r a t io n  o f  the  s o l u t e  i s  assumed to  be 
z e r o .  S ince the  amount o f  s o l u t e  desorbed is  v e ry  s m a l l  o v e r  
th e  d e s o r p t io n  t im e ,  and due to  the  l a r g e  c e l l  space,  the  
assumption o f  ze ro  p a r t i a l  p re s su re  o f  carbon d i o x id e  is  
r e a s o n a b le .
The d im e n s io n le s s  v a r i a b l e s  f o r  t h i s  case would be:
where Cg is  the  b u lk  c o n c e n t r a t i o n .  T h e r e f o r e ,  e q u a t io n
( 2 . 2 9 )  becomes:
( 2 . 2 8 )
X xL
( 2 . 2 9 )
c
(1 -  Y 2 ) —1 1 3X
DL 32c
u h 2 8Y2 m
( 2 . 3 0 )
F o l lo w in g  the  same procedure  as in  a b s o r p t i o n ,  f o r  
s o l v i n g  th e  d i f f e r e n t i a l  e q u a t io n  ( 2 . 2 8 ) ,  an e x p re s s io n  f o r  
c would be g ive n  by:
-b 2 DL
'■h u mc = e . e { aot1 ' I t  t b - 1) Y2 + — ]
31 Y [1 -  ( b - 3 ) Y 2 + - - - ]  |
( 2 . 3 1 )
To d e te rm in e  the  t h r e e  a r b i t r a r y  c o n s ta n ts  b, aQ and a i ,  
we have th e  f o l l o w i n g  boundary c o n d i t io n s  f o r  d e s o r p t io n :
1 when X = 0 , 0 < Y < 1
0 when Y = 0 , 0 < X < 1 ( 2 . 3 2 )
| y  . = 0 when Y = 1 , 0 < X < 1
which would le a d  to  the  same v a lu e s  o f  th e  c o n s ta n ts  as f o r  
th e  case o f  a b s o r p t io n ,  and the  average amount o f  s o l u t e  
desorbed would be g iven  by:
AC, = CR j  1 -  T o . 7977 e ' 5 -1138nL-avg B 1 L
+ 0 .1 1 8 7  e “4 0 - 0622T1 + 0 .0 1 8 2  e ’ 1 1 0 - 7373rl
+ 0 .0 1 8 4  e ' 2 1 4 - 047lTl + |
( 2 . 3 3 )
where
2 . 3 .  Model ( I I )
Lewis and Whitman (1924 )  p o s t u l a t e d  t h a t  t h e r e  is  a 
s ta g n a n t  f i l m  next  to  th e  s u r fa c e  o f  a l i q u i d  l a y e r ,  t h a t  
t h e  re m a in d e r  o f  th e  l a y e r  is  w e l l  enough mixed so t h a t  the  
c o n c e n t r a t io n  g r a d i e n t  is  r e s t r i c t e d  to  th e  s ta g n a n t  f i l m ,  
and t h a t  t h e r e  is  no ac cu m u la t ion  o f  m a t e r i a l  in  th e  f i l m .
M e r r i t t  (1 966 )  deve loped a s o l u t i o n  o f  th e  d i f f u s i o n  
d i f f e r e n t i a l  e q u a t io n  f o r  a b s o r p t io n  based on P o h lh a u s e n 's  
(1 9 21 )  t e c h n iq u e ,  in  which a d i f f u s i o n  boundary l a y e r  was 
assumed.
Based on th e  f i l m  t h e o r y  (Lewis  and Whitman ( 1 9 2 4 ) )  and 
employing the  Pohlhausen (1 9 21 )  • t e c h n i q u e , s o l u t i o n s  o f  the  
d i f f u s i o n  d i f f e r e n t i a l  e q u a t io n  w i l l  be deve loped here  f o r  
a b s o r p t io n  and d e s o r p t io n  o f  gases i n t o  and from f l o w i n g  
l i q u i d  f i l m s .  The purpose o f  r e p r e s e n t i n g  t h i s  model i s  to  
examine th e  mechanism by which s o l u t e  t r a n s f e r s  f rom and 
i n t o  l i q u i d  f i l m s .
2 . 3 . 1 .  Genera l  s o l u t i o n  f o r  a b s o r p t io n ,  Model ( I I )
The e q u a t io n  o f  c o n t i n u i t y  i s  g iven  by
( 2 . 3 4 )
The c o o r d in a te  system f o r  the  problem i s  found in  F i g . ( 2 . 2 ) (a )  
I n  s o lv i n g  t h i s  e q u a t io n  th e  f o l l o w i n g  assumptions w i l l  
be made:
(1 )  The l i q u i d  f i l m  has a p a r a b o l i c  v e l o c i t y  p r o f i l e .
(2 )  N e g le c t in g  d i f f u s i o n  in  th e  x - d i r e c t i o n  ( p a r a l l e l  
to  the w a l l ) .
(3 )  I n t e r f a c i a l  c o n c e n t r a t io n  is  c o n s ta n t  and i t  i s  
equa l  to  th e  e q u i l i b r i u m  s a t u r a t i o n  v a l u e .
(4 )  No wave motion (smooth s u r fa c e  l a m in a r  f l o w ) .
(5 )  The e x is t a n c e  o f  a d i f f u s i o n  boundary l a y e r , ( 6 ) ,
i s  a ls o  assumed, such t h a t  a c o n c e n t r a t io n  g r a d i e n t  
i s  r e s t r i c t e d  to the  s ta g n a n t  f i l m ,  i . e .  from the  
s u r f a c e  to  6 ,  and the  re m a in d e r  o f  the  l a y e r  is  
w e l l  enough mixed, i . e .  i n s i d e  6 , (see F i g . ( 2 . 2 ) ( a ) )  .
T h e r e f o r e ,  th e  boundary c o n d i t io n s  w i l l  b e :
From the  momentum e q u a t io n ,  assuming v iscous  f l o w  (see  
B i r d ,  S te w a r t  and L i g h t f o o t  ( 1 9 6 0 ) ) ,  th e  l o c a l  v e l o c i t y  
w i l l  be g iven  by:
c ( o , y )  = Co
c ( x , h ) CS
c ( x , ) C ( 2 . 3 5 )o
and
3y ( x , 6 )
0
V ■5—J-  + g s in$  
8 y 2
o ( 2 . 3 6 )
and the  boundary c o n d i t io n s  are
u ( x , o )  = 0
( 2 . 3 7 )
0
(F i g .  ( 2 . 2 ) (a )
C o o rd in a te  system f o r  smooth s u r f a c e  f i l m  problem
F i g . ( 2 . 2 ) (b)
C o o rd in a te  system f o r  wavy s u r f a c e  f i l m  problem
The s o l u t i o n  t o  the momentum e q u a t i o n  i s :
g s ing  
v hy -  f - ( 2 . 3 8 )
which may be s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 . 3 4 ) ,  w i t h  t he  
r e s u l t :
, y 2] 3c
hy -  z j
Dv 32c
g S i n 8  gy 2 ( 2 . 3 9 )
For  conve ni en ce ,  t h e  f o l l o w i n g  d i me ns i on le s s  v a r i a b l e s  
w i l l  be d e f i n e d :
C-C
CQ - Cob o
( 2 . 4 0 )
Then e q u a t i o n  ( 2 . 3 9 )  may be w r i t t e n  as:
3  c „ 3 2 c
3Y
( 2 . 4 1 )
and the boundary c o n d i t i o n s  ( 2 . 4 0 )  as:
c ( o , Y ) A
c ( x , 1 )
c ( x , A )
B
‘ c ’ ( 2 . 4 2 )
and
3c
3Y ( x ,  A)
V
where
K Dv g s i n 3
I n t e g r a t i o n  o f  e q u a t i o n  ( 2 . 4 1 )  w i t h  r e s p e c t  t o  Y o v e r  
t h e  d i f f u s i o n  boundary l a y e r  y i e l d s :
n 2 *)Y - 8 c—  dY 8 x -  rj 8  c dYh “ A 3Y2
r 8 c 8 c
8 Y■ ( x , l ) 8 Y ( x ,  A)
Now? a p p l y i n g  L e i b n i t z ' s  r u l e  f o r  d i f f e r e n t i a t i o n  
under  an i n t e g r a l  s i g n ,  we g e t :
J L
8 x
; l f Y2  Y - n D. -<
8 c
J
A
2K J hv 8 Yk J
( 2 . 4 3 )
( x , 1 )
A p p l y i ng  P oh l h a u s e n ’ s ( 1 921 )  t e c h n i q u e  t o t h i s  problem,  
by assuming as an a ppr ox imat e  s o l u t i o n  t o  e qu a t i o n s  ( 2 . 4 1 )  
and ( 2 . 4 2 ) ,  the  second o r d e r  p o l y n o m i a l :
{ a } ' A < Y < 1 ( 2 . 4 4 )
Y < A
The d e r i v a t i o n  o f  t h i s  a ppr ox ima te  s o l u t i o n  i s  g i v en  
i n  Appendix ( A ) ,  s u b s e c t i o n  . ( A - I I ) ( 1 - a ) .
S u b s t i t u t i n g  f rom ( 2 . 4 4 )  i n t o  ( 2 . 4 3 ) :  .
a3_
3x
' 1 f y 2>Y -  — 'y - a '
/  2  . [ 1 -aJ
dY K_
h“
| _  ( 2 A3- 6 A 2 - 1 4A + 1 8 )
3 r y - a ] 2 ‘
_3Y 1-A ^ J
( x , 1 )
/
2
h* ( 1 -A)
which would l ea d  t o  t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n  i n  A 
and x:
( - 7  + A + 9A2  -  3A3) d^x 120  —
H er e ,  t h e  v a r i a b l e s  a re  s e p a r a b l e ,  and i n t e g r a t i o n  o ve r  
i n d e f i n i t e  l i m i t s  w i t h  r e s p e c t  t o  x y i e l d s :
I  A" -  7A + r  + 3A3 120 Kx + Ci
Ci i s  e v a l u a t e d  a t  t h e  e n t r a n c e  t o  t he  d i f f u s i o n  s e c t i o n
1 7where A = 1 a t  x = 0,  which would r e s u l t  in  Ci = .
T h e r e f o r e ,  an e x p r e ss i o n  f o r  t he  d i f f u s i o n  boundary  
l a y e r  would be g i ve n  by:
-  4A3 -  |  A2 ♦ f S  A -  4 1  ♦3 3 3 . ^ 0
( 2 . 4 5 )
The r o o t  o f  i n t e r e s t  i n  t h i s  a n a l y s i s  i s  t h e  one l y i n g  
between 0  and 1 .
The average amount o f  s o l u t e  absorbed i n t o  t he  f l o w i n g  
f i l m  i s  de te rmi ne d by m u l t i p l y i n g  e q u a t i o n  ( 2 . 4 4 )
(C = Cg x c ) ,  by t h e  v e l o c i t y  p r o f i l e ,  i n t e g r a t i n g  f rom t he  
edge o f  t h e  boundary l a y e r  t o  t he  s u r f a c e ,  i . e .  f rom A t o  1,  
and d i v i d i n g  t he  r e s u l t  by t he  volume o f  f l u i d  f l o w i n g :
ACavg ( 2 . 4 6 )
o
which would r e s u l t  i n  t h e  f o l l o w i n g  e x p r e s s i o n :
ACavg 2 §  ( A 3 -  3A2 -  7A + 9) ( 2 . 4 7 )
which i s  t h e  average amount o f  s o l u t e  absorbed.
I n  o r d e r  t o  c a l c u l a t e  ACav^ f o r  any p a r t i c u l a r  v a l u e  o f  
x:, ; t h e  r o o t  o f  e q u a t i o n  ( 2 . 4 5 )  l y i n g  between 0 and 1 must be 
det er mi ne d and s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 . 4 7 ) .  These 
c a l c u l a t i o n s  were c a r r i e d  out  w i t h  t h e  he lp  o f  t he  computer  
(see Appendix ( A ) ,  s u b s e c t i o n  ( A - I I H 3 ) ) .
The above procedure  has been f o l l o w e d  using a t h i r d  
o r d e r  po l y no m ia l  a p p r o x i m a t i o n  f o r  t he  dependent  v a r i a b l e  c:
The d e r i v a t i o n  o f  t h i s  appr ox ima te  s o l u t i o n  i s  g i v en  i n  
Appendix ( A ) ,  s u b s e c t i o n  ( A - I I ) ( l - b ) .
By s u b s t i t u t i n g  e q u a t i o n  ( 2 . 4 8 j i n t o  ( 2 . 4 3 ) ,  and c a r r y i n g  
out  t h e  necessary  a r i t h m e t i c a l  o p e r a t i o n s ,  an e x p r e s s i o n  f o r  
A w i l l  r e s u l t ,  which i s :
A < ' Y  < 1 ( 2 . 4 8 }
A" -  4A3 -  4A2 + 16A - 9 + —  Kx
h “
0 ( 2 . 4 9 )
and t h e  average amount o f  s o l u t e  absorbed i n t o  t he  f l o w i n g  
l i q u i d  f i l m  would be g i ven  by:
which would r e s u l t  i n  t h e  f o l l o w i n g  e x p r e s s i o n :
Cq
AC = —  ( A 3 -  3A2  -  12A ♦ 14) ( 2 . 5 1 )av g  4Q
As ment ioned p r e v i o u s l y ,  f o r  f i n d i n g  t h e  v a l u e  . of'  ACgVg 
f o r  any p a r t i c u l a r  v a l ue  o f  x ,  t h e  r o o t  o f  e q u a t i o n  ( 2 . 4 9 )  
l y i n g  between 0  and 1 must be d et er mi ne d and s u b s t i t u t e d  
i n t o  e q u a t i o n  ( 2 . 5 1 ) .  The r o o t s  o f  e q u a t i o n  ( 2 . 4 9 )  were  
det er mi ned w i t h  t h e  he lp  o f  t h e  computer ,  and then t h e  
p r o p e r  v a l u e  o f  A was s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 . 5 1 )  f o r  
f i n d i n g  t h e  v a l u e  o f  ACavg (see Appendix ( A ) ,  s u b s e c t i o n  
( A—1 1 ) ( 3 ) )  .
F i n a l l y ,  a q u a r t i c  e qu a t i o n  a p p r o x i m a t i o n  f o r  c can be 
employed:
c = — -------  [ - Y 1* + ( 2+2A) Y 3 -  6 AY2 + ( 6 A 2 - 2 A 3)Y
( 1-AJ * ■
- 2 A 3 + A"]
( 2 . 5 1 )
From t h e  boundary c o n d i t i o n s  used i n  d e r i v a t i o n  o f  
e q u a t i o n  ( 2 . 4 8 ) ,  p lus  t h e  boundary c o n d i t i o n
3 c
13Y2J ( x ,  1 )
e q u a t i o n  ( 2 . 5 2 )  can be d e r i v e d .
As b e f o r e ,  by s u b s t i t u t i n g  e q u a t i o n  ( 2 . 5 2 )  i n t o  
e q u a t i o n  ( 2 . 4 3 ) ,  and c a r r y i n g  out  t h e  necessary  s i m p l i f i c a t i o n s ,  
an e x p r e s s i o n  f o r  A  w i l l  r e s u l t :
A4 -  4 A 3 -  - 1 ^ 1  + A5A -  1 Z  + 224 —  = 0  ( 2 . 5 3 )
h
and,  as ment ioned b e f o r e ,  t h e  r o o t  o f  i n t e r e s t  i n  t h i s  
a n a l y s i s  i s  t h e  one lyi ingr between 0  and 1 .
The average amount o f  s o l u t e  absorbed i n t o  t h e  f l o w i n g  
f i l m  w i l l  be g i ve n  by:
Cq
A C  = —  ( 5 A 3 -  1 5 A 2 -  4 8 A  + 5 0 )  ( 2 . 5 4 )avg 1 4 0
AC v a l u e  was c a l c u l a t e d  f o r  a p a r t i c u l a r  v a l u e  o f  x,  avg ^
a f t e r  t h e  r o o t  o f  e q u a t i o n  (2 - 53) l y i n g  between 0 and 1 was 
det ermi ned (see Appendix ( A ) ,  s u b s e c t i o n  ( A - I I ) ( 3 ) ) .
2 . 3 . 2 .  Genera l  s o l u t i o n  f o r  d e s o r p t i o n ,  Nodel  ( I I )
The d i f f e r e n t i a l  e q u a t i o n  f o r  d e s o r p t i o n  f rom f l o w i n g  
l i q u i d  f i l m  i s  g i ve n  by:
h y  -  l i ]  i £  =  Si ! ------ l i s  ( 2 . 5 5 )
* 2  ) 3 x g s i n $  3 y 2
and we would have t h e  same assumpt ions as a b s o r p t i o n  e xce pt  
t h a t  t h e  i n t e r f a c i a l  c o n c e n t r a t i o n  o f  t he  s o l u t e  i s  assumed 
t o  be z e r o .  T h e r e f o r e ,  t h e  boundary c o n d i t i o n s  i n  t h e  case  
o f  d e s o r p t i o n  w i l l  be as f o l l o w s :
ac ( o , y )
c ( x , h )
c ( x , 8 )
( 2 . 5 6 )
and r3c
UyJ ( x , 6 )
I f  new d i me ns ion l es s  v a r i a b l e s  are  d e f i n e d  as:
C-C B
CS CB
( 2 . 5 7 )
Then e qu a t i o n  ( 2 . 5 5 )  may be r e w r i t t e n  as
2 "I
Y -
3c
3x
K_ _ £  
h1* 3Y2
( 2 . 5 8 )
and t h e  boundary c o n d i t i o n s  ( 2 . 5 7 )
c ( o , Y )  = .0
c ( x , 1 ) = 1
c ( x , A )  = 0
( 2 . 5 9 )
and
3c
3Y ( x.  A)
where
Dy 
g s in3
I n t e g r a t i n g  e q u a t i o n  ( 2 . 5 8 )  w i t h  r e s p e c t  t o Y o v e r  t he  
d i f f u s i o n  boundary l a y e r ,  and then a p p l y i n g  L e i b n i t z ’ s r u l e  
f o r  d i f f e r e n t i a t i o n  under  t h e  i n t e g r a l  s i g n ,  we g e t :
3_
3x f t  ■ ? ] c dY
K_
h*
3c'
3Y-
( 2 . 6 0 )
( x , 1 )
A s i m i l a r  e x p r e s s i o n  t o  t h a t  o f  a b s o r p t i o n  w i l l  r e s u l t  
f o r  d e s o r p t i o n ,  and the  f i n a l  e x p r e s s i o n  i s  g i v en  h e r e .
A second o r d e r  po l y no mi a l  s o l u t i o n  f o r  t he  dependent  
v a r i a b l e  c i s  g i ve n by:
0
A < Y < 1
Y < A ( 2 . 6 1 )
which would l ea d  to t he  f o l l o w i n g  e x p re ss i o n  f o r  t he  d i f f u s i o n  
boundary l a y e r :
2  a 2 ... 28A -  4 A -  ±  A^ + ± ^ A - 2 2 - +17 . 160Kx 0  ( 2 . 6 2 )
and t he  average amount o f  s o l u t e  desorbed from t he  f l o w i n g  
l i q u i d  f i l m  i s  g i ve n  by:
ACavg
CR
^  ( A 3 -  3A2 -  7A + 9) ( 2 . 6 3 )
F o r  a t h i r d  o r d e r  p o l y n o m i a l  a p p r o x i m a t i o n  s o l u t i o n  f o r  
t h e  dependent  v a r i a b l e  c:
Y-A
1-A A < Y < 1
( 2 . 6 4 )
and t h e  e x p r e s s i o n  f o r  A i s :
A* -  4A 3 -  4A2 + 16A -  9 + Kx = 0 ( 2 . 6 5 )
h"
and t h e  average amount o f  s o l u t e  desorbed w i l l  be:
CR
AC = 7m  ( A 3 -  3A -  12A + 14) C2 .B 6 )avg 4u
F i n a l l y ,  a q u a r t i c  p o ly n o m i a l  a p p r o x i m a t i o n  f o r  c w i l l  
be g i v en  by:
i  r  \ / ^ r  . r  n  . o  a  i \ / 3  _  c  a  v  2[ -Y  + ( 2+2A) Y - 6 AY
(1 — A 3 **
+ (6A 2 - 2 A 3)Y -  2A 3 + A**] ( 2 . 6 7 )
which r e s u l t s  i n  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  A:
A1* -  4 A 3 -  1-?-A 2- + - 1Z + 2- ? A KJ l  = o ( 2 . 6 8 )
5 5 5 h1*
and t h e  average amount o f  s o l u t e  desorbed w i l l  be:
C
AC = f L  C 5A3 -  15A2 -  48A 58) ( 2 . 6 9 )3Vg I 4U
ACaVg g i ve n  by e qua t i ons  ( 2 . 6 3 ) ,  ( 2 . 6 6 )  o r  ( 2 . 6 9 )  was 
c a l c u l a t e d  f o r  a p a r t i c u l a r  v a l ue  o f  x ,  a f t e r  d e t e r m i n i n g
t he  r o o t  o f  e qu a t i o ns  ( 2 . 6 2 ) ,  ( 2 . 6 5 )  o r  ( 2 . 6 8 )  l y i n g  between
0 and 1 (see Appendix ( A ) ,  s u b s e c t i o n  ( A - I I ) ( 3 ) ) .
2 . 3 . 3 .  Wavy s u r f a c e  problem
A m o d i f i c a t i o n  o f  t he  smooth s u r f a c e  problem can be 
d e r i v e d  using t he  Pohlhausen t e c h n i q u e .
I f  (h)  i n  e q ua t i o n  ( 2 . 3 8 )  i s  r e p l a c e d  by:
h = Tr( 1 + a s i n  kx) ( 2 . 7 0 )
a p e r i o d i c a l l y  i n c r e a s i n g  and d e c r e a s i n g  v e l o c i t y  i s  o b t a i n e d
f o r  a c o ns t a n t  y .
The c o n t i n u i t y  e q u a t i o n  may be w r i t t e n  as:
3u + 3 v 
3x 3y 0 ( 2 . 7 1 )
From e qu at io ns  ( 2 . 3 8 )  and ( 2 . 7 0 ) ,  t he  u-component  of  
t h e  v e l o c i t y  i s  g i v e n  by:
Then t h e  v-component  o f  t he  v e l o c i t y  may -be o b t a i n e d  f rom  
e q u a t i o n s  ( 2 . 7 1 )  and ( 2 . 7 2 )  as:
t h e  b u l k  f l o w .
An approx imat e s o l u t i o n  f o r  t he  d i f f u s i o n  d i f f e r e n t i a l  
e q u a t i o n  ( 2 . 7 4 )  o f  a s imple  wave s u r f a c e  ( e q u a t i o n  ( 2 . 7 0 ) )  
i s  p r es en te d here f o r  the  two pr oc e ss es ,  a b s o r p t i o n  and 
d e s o r p t i o n .
2 . 3 . 3 . 1 .  A b s or p t i o n
The c o o r d i n a t e  system f o r  t h i s  problem i s  shown i n  
Fi g . ( 2 . 2 ) ( b ) ,  and t h e  boundary c o n d i t i o n s  are  t h e  same as
s i n  kx) -
2 1
( 2 . 7 2 )
v g s i n3  y 2 3h v 2  3x
-gtfqk s ing coskx
2 v y
2
( 2 . 7 3 )
Wi th two components o f  v e l o c i t y ,  the  d i f f u s i o n  e q u a t i o n
becomes:
( 2 . 7 4 )
where t h e  x - d i r e c t i o n  d i f f u s i o n  i s  n e g l e c t e d  compared w i t h
e q u a t i o n  ( 2 . 3 5 ) .  The d i me ns i on le s s  v a r i a b l e s  f o r  t h i s  
problem are  d e f i n e d  as:
e
C-C
Cq ~ Cb o
Y = 1h ( 2 . 7 5 )
and
where
h = 1 t (  1 + a s i n  kx)
T h e r e f o r e ,  e qu a t i o n s  ( 2 . 7 4 )  and ( 2 . 3 5 )  become
3c
3x
2 3h 3c K 3 c
2h 3x 3Y h 1* 3Y2
( 2 . 7 6 3
and t he  boundary c o n d i t i o n s  as
c ( o , Y )
c ( x , 1 )
( 2 . 7 7 )
c ( x , A )  = 0
and
3c'
3Y ( x,  A)
where
Dv 
g s in $
Equat ion  ( 2 . 7 6 )  i s  now i n t e g r a t e d  once w i t h  r e s p e c t  t o  
Y across t h e  d i f f u s i o n  boundary l a y e r ,  t h a t  i s  f rom A t o  1,
A p p l y i n g  L e i b n i t z ’ s r u l e  f o r  d i f f e r e n t i a t i o n  under  an 
i n t e g r a l  s i g n :
T h e r e f o r e
1 s t  term
11 9c
Y ~  { 9x dY = cJx 1 Y c dYr
1  i t
h 3x
f 1
Y c dY ( 2 . 7 9 )
2 nd t erm
r i  v 2
dY
9x
d
dx
1 Y 2
f- 5 dY
,  1 8h
h 9x
f i
Y2 c dY ( 2 . 8 0 )
, e q u a t i o n  ( 2 . 7 8 )  becomes:
r t --dx I l Y 5 ‘  T -  c
r i
dY
9 2 c .
dY
9Y
X 1 9h
h 9 x
r i ' V 2 3c
i    Y c + Y 2 cl  dY
■ 9Y ■]
( 2 . 8 1 )
Assuming as b e f o r e  a second o r d e r  p o l y n o m i a l  a p p r o x i m a t i o n  
t o  the  dependent  v a r i a b l e  c,  i . e .
Then,  s u b s t i t u t i n g  ( 2 . 8 2 )  i n t o  ( 2 . 8 1 ) ,  we g e t :
d_
dx nY - \ "y - a 'J _1 -A_
i  ah 
h ax
r i (?ay
dY
- Y + Y
K f 1 3 2 i >
CM
h * BY2
<i^— dY
’Y-A'
_ 1 -  A_ dY
A f t e r  s i m p l i f i c a t i o n  t h i s  e q u a t i o n  reduces t o :
dA . 1 dh( -3A + 3A + A - 7) f r -  + -rdx h dx
C — 2A■* + 8 A3 + BA2  -  2A -  1 2 ) 120K ( 2 . 8 3 )
Th i s  i s  t h e  d i f f e r e n t i a l  e q u a t i o n  t h a t  de t er mi ne s  t he  
d i f f u s i o n  boundary l a y e r  as a f u n c t i o n  o f  x.  However,  a 
f i r s t  a p p r o x i m a t i o n  t o  A is  o b t a i n e d  i f  a l l  e lements  
c o n t a i n i n g  a A in  t h e  second t erm are  dropped,  then  
m u l t i p l y i n g  by dx and i n t e g r a t i n g  o v e r  i n d e f i n i t e  l i m i t s :
j ( - 7  + A + 9A2 -  3A3) dA -  12
dh 
h
r dx120 K —
h"
which would r e s u l t  i n :
-7A + + 3A3 - 3 -  1.2 Jin h
H xC t  120 K —  
h“
( 2 . 8 4 )
With t he  he lp  o f  Ryshik  and G r a d s t e i n  ( 1 9 6 3 ) ,  t he  
d xi n t e g r a t i o n  o f  f was c a r r i e d  o u t ,  and a b r i e f  account  o f  
t h e  f or mul ae  used and t he  procedure  i s  g i ven  i n  Appendix ( A ) ,
s ub se c t i o n  ( A - I I H 2 ) .  A l s o ,  t he  i n t e g r a t i o n  c o n s t a n t  was
c a l c u l a t e d  a t  t h e  e n t ra nc e  t o  the  c o n t a c t i n g  s e c t i o n  where a t
x = 0,  A = 1, and t h e  f i n a l  f o r m u l a  i s  g i v e n  b y :
+ 160K 1   a cos kx_______
ktT1* ( 3 ( 1 +g2 ) . ( 1 +g s i n  kx) 3
+ 5a cos kx + ( 1 1 +4g2 ) g cos kx
6 ( 1 - g 2 ) 2 ( l + g  s i n  k x ) 2 6 ( 1 - g 2 ) 3 ( 1 +g s i n  kx)
18 g - 5 g 3 +2g 5 + 6  + 7g 2 + 2 g 3 
6C1- a-1)* 3 ( 1 -  a*) r/i
t a n ( ^ )  + 1 
x a r c t a n  ---------------------- a r c t a n
C W ) 1 / 2
1
( 2 . 8 5 )
which i s  an e x p r e s s i o n  f o r  t h e  d i f f u s i o n  boundary l a y e r .
As b e f o r e  the  average amount o f  s o l u t e  absorbed would be 
g i ve n  by:
The r o o t  o f  e q u a t i o n  ( 2 . 8 5 )  t h a t  l i e s  between 0 and 1 
i s  t h e  d e s i r e d  d i f f u s i o n  boundary l a y e r  depth .  T h is  v a l u e  o f  
A may be s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 . 4 7 )  f o r  an a p p r o x i m a t i o n  
o f  t he  amount o f  s o l u t e  absorbed i n t o  t h e  f a l l i n g  f i l m .  S ince  
t he  depth o f  the  d i f f u s i o n  boundary l a y e r  v a r i e s  due t o  t h e  
presence o f  a wave t r ough o r  peak,  t he  amount o f  s o l u t e  
absorbed should be det er mi ne d as an average o v e r  an e n t i r e  
w a v e l e n g t h .
C
-  ( A 3 -  3A1  -  7A + 9)AC ( 2 . 4 7 )avg 20
2 . 3 . 3 . ' 2 .  D es o rp t i o n
To av oi d  r e p e t i t i o n ,  i t  was dec ided t o g i v e  on l y  a b r i e f  
account  o f  the  e q u a t i o n  d e r i v e d  f o r  d e s o r p t i o n  f rom a wavy 
s u r f a c e .  For  d e s o r p t i o n ,  an e x p r e s s i o n  f o r  t h e  d i f f u s i o n  
boundary l a y e r  i s  t h e  same as a b s o r p t i o n ,  and t he  aver age  
amount o f  s o l u t e  desorbed w i l l  be g i ven  by:
CR
AC = —  ( A 3 -  3A2 -  7A + 9)  ( 2 . 6 3 )
avg 2 0
which coul d  be d et er mi ne d i n  a s i m i l a r  way as e x p l a i n e d  i n  
t h e  case o f  a b s o r p t i o n  in  t he  wavy s u r f a c e  problem.
2 . 3 . 3 . 3 .  D i sc us si on  o f  t h e  wavy s u r f a c e  problem
I t  i s  c on s id e re d  t h a t  t he  wavy s u r f a c e  problem deve loped  
here could p r e s e n t  a u s e f u l  c o n t r i b u t i o n  towards a b e t t e r  
u n d er s t an d i n g  o f  mass t r a n s f e r  i n  f a l l i n g  l i q u i d  f i l m s ,  i n  
s p i t e  o f  t h e  f a c t  t h a t  t h e  waves have a random n a t u r e ,  w h i l e  
i t  i s  assumed here as a periodic waves. An e xa ct  s o l u t i o n  o f  
t h e  d i f f u s i o n  e q u a t i o n  f o r  a wavy f l o w i n g  l i q u i d  f i l m  i s  
u n o b t a i n a b l e  a t  p r e s e n t ,  due t o  t h e  l a c k  o f  t h e o r i e s  which  
d e s c r i b e  t h e  t r u e  n a t u r e  o f  waves.  Some o f  t h e  c h a r a c t e r i s t i c s  
o f  f l o w i n g  l i q u i d  f i l m s ,  and e v a l u a t i o n  o f  t h e  most u s e f u l  
work p u b l i s h e d ,  w i l l  be d e a l t  w i t h  i n  S e c t i o n  ( 5 . 1 ) .
CHAPTER 3
EXPERIMENTAL DETAILS
E x p e r i m e n t a l  D e t a i l s
3 . 1 .  Apparatus
The a ppa ra tus  is  l o c a t e d  i n  a t e m p e r a t u r e  c o n t r o l l e d  
l a b o r a t o r y .  Th is  i s  most i m p o r t a n t  as the  gas,  l i q u i d ,  and 
a ppa ra tus  must be m a i n t a i n e d  a t  t he  same t e m p e r a t u r e .  This  
i s  e s p e c i a l l y  t r u e  f o r  t e c h n i q ue s  i n v o l v i n g  i n t e r f e r o m e t r y  
which a re  e x t r e m e l y  s e n s i t i v e  t o  t e m p e r a t u r e  changes.  The 
f l o w  diagram o f  t h e  a ppa ra tus  i s  shown i n  F i g . ( 3 . 1 )  and t h e  
g e n e r a l  l a y o u t  i n  F i g . ( 3 . 2 ) .
Jepsen ( 1 9 6 4 ) ,  Lu (1 965 )  and M e r r i t t  ( 19 66 )  s t u d i e d  mass 
t r a n s f e r  i n  f l o w i n g  l i q u i d  f i l m s  on an i n c l i n e d  p l a n e .  T h e i r  
f i n d i n g s ,  however ,  were l i m i t e d  t o  a b s o r p t i o n  o f  a gas by t he  
f l o w i n g  l i q u i d  f i l m s  and by t h e  o p t i c a l  t e c h n i q u e  used.
C o n s i d e r a b l e  r e s e a r c h  has been per formed i n  t h i s  
l a b o r a t o r y  using a Gouy t e c h n i q u e  and then  a s h e a r i n g  
i n t e r f e r o m e t e r .  A l l  t h e  i n t e r f e r o m e t e r s  have been deve loped  
and c o n s t r u c t e d  s p e c i a l l y  f o r  the  r e s e a r c h  r e q u i r e m e n t s  i n  
t he  l a b o r a t o r y .  The work c a r r i e d  out  has been p r e s e n t e d  by 
Thomas and F u r z e r  ( 1 9 6 1 ) ,  ( 1 9 6 2 ) ;  Thomas and N i c h o l l  ( 1 9 6 5 ) ,  
( 1 9 6 7 ) ,  ( 1 9 6 9 ) ;  Thomas, Khanna and Pa lmer  ( 1 9 7 2 ) ,  ( 1 9 7 3 ) ,  
and Thomas and Ray ( 1 9 7 5 ) .  The l i m i t a t i o n s  o f  t h e s e  i n i t i a l  
i n t e r f e r o m e t r i c  works using t he  s h e a r i n g  i n t e r f e r o m e t e r  were:
(a )  the  presence o f  a double image c r e a t i n g  d i f f i c u l t y  
i n  a n a l y s i s  o f  the  i n t e r f e r o g r a m s ; and .
(b)  the  r e f r a c t i v e  index c l o se  t o  t h e  i n t e r f a c e  had t o  
be measured w i t h  r e s p e c t  t o  b u l k  l i q u i d .
Two new i n t e r f e r o m e t e r s  were des igned and c o n s t r u c t e d  
i n  t h i s  l a b o r a t o r y ,  one f o r  g a s / l i q u i d  s t u d i e s  ( m o d i f i e d  
Miche lson t ype )  and t h e  o t h e r  f o r  l i q u i d / l i q u i d  s t u d i e s
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( m o d i f i e d  Twyman-Green t y p e ) .  Both t h e se  i n t e r f e r o m e t e r s  
enabled t he  a b s o l u t e  r e f r a c t i v e  index ( c o n c e n t r a t i o n )  t o  be 
measured.  These have been d e s c r i b e d  r e s p e c t i v e l y  by Thomas,  
Ray and Pa lmer  ( 1976)  and Thomas, I s m a i l  and Pa lmer  ( 1 9 7 6 ) .
A l l  t h e  above i n v e s t i g a t i o n s  were c a r e f u l l y  examined in  
d e v e l o p i n g  and c o n s t r u c t i n g  t he  a ppa ra tus  used i n  c a r r y i n g  
out  t h i s  i n v e s t i g a t i o n .  A d e t a i l e d  d e s c r i p t i o n  o f  t he  
i n d i v i d u a l  components i s  g i ve n  below.
3 . 2 .  The I n t e r f e r o m e t e r
3 . 2 . 1 .  I n t r o d u c t i o n  t o i n t e r f e r e n c e  phenomenon
I f  two beams o f  monochromat ic l i g h t  a re  made t o  cross  
each o t h e r ,  i n  t h e  r e g i o n  o f  c r o s s i n g  where both beams a re  
a c t i n g  a t  once,  t h e  r e s u l t a n t  a m p l i t u d e  and i n t e n s i t y  may be 
v e r y  d i f f e r e n t  f rom t h e  sum o f  those  c o n t r i b u t e d  by t h e  two 
beams s e p a r a t e l y .  Th i s  m o d i f i c a t i o n  o f  i n t e n s i t y  o b t a i n e d  
by t he  s u p e r p o s i t i o n  o f  the  two beams i s  c a l l e d  I n t e r f e r e n c e .  
I f  t h e  r e s u l t a n t  i n t e n s i t y  i s  ze r o  o r  in  g e n e r a l  l e s s  than  
we expected f rom t h e  s e p a r a t e  i n t e n s i t i e s ,  we have 
d e s t r u c t i v e  i n t e r f e r e n c e ,  w h i l e  i f  i t  i s  g r e a t e r ,  we have  
c o n s t r u c t i v e  i n t e r f e r e n c e .  The two beams w i l l  i n t e r f e r e  
c o n s t r u c t i v e l y  o r  d i s t r u c t i v e l y  a c co r d i n g  t o t h e  phase 
d i f f e r e n c e  between t he  two beams a t  t h a t  p o i n t .
An i l l u s t r a t i v e  example i s  shown i n  F i g . ( 3 . 3 ) . "  Two 
waves a r r i v e  a t  P, having t r a v e r s e d  d i f f e r e n t  d i s t a n c e s ,  S2P 
and S j P .  Hence they  are  super imposed w i t h  a phase d i f f e r e n c e ,  
which i s  g i ve n by:
phase d i f f e r e n c e  « 6  = ( S 2P -  S XP) ( 3 . 1 )
CL QP
CO
CM
CO
co
voU'30
aO)
1
Fi
g.
(3
-3
) 
Tw
o 
wa
ve
s 
ar
riv
e 
at 
P,
 
ha
vi
ng
 
tr
av
er
se
d 
di
ff
er
en
t 
di
st
an
ce
s 
Sj
P 
an
d 
S
2P
.
C o n s i d er  t he  a d d i t i o n  o f  two s im pl e  harmonic mot ions of  
t he  same f r eq u e n c y  and a m p l i t u d e ,  but  w i t h  phase d i f f e r e n c e  
6 . The i n t e n s i t y  w i l l  be g i ve n  by:
1 = 4  a 2 cos 2 j  ( 3 .2 3
where ’ a ’ i s  t h e  a m p l i t u d e  o f  s e p a r a t e  waves.
Hence,  t h e  i n t e n s i t y  has maximum v a lu e s  equa l  t o  (4 a 2 ) 
whenever  6  i s  an i n t e g r a l  m u l t i p l e  o f  2ir. Accord ing to  
e q u a t i o n  ( 3 . 1 3 ,  t h i s  w i l l  occur  when t he  path d i f f e r e n c e  i s  
an i n t e g r a l  m u l t i p l e  o f  A, which w i l l  produce a B r i g h t  F r i n g e .  
The minimum v a l u e  o f  t he  i n t e n s i t y  i s  z e r o ,  and t h i s  occurs  
when <5 = tt, ;3tt, 5it, . . . ,  which w i l l  produce a Dark F r i n g e .
The d e r i v a t i o n  o f  t h e  above e q u at i o n s  i s  p r e s e n t e d  by 
Jenk ins  and Whi te  ( 1 9 5 7 ) ,  Longhurst  ( 1 9 6 7 ) ,  and D i t c h b u r n  
( 1 9 7 6 ) .
3 . 2 . 2 .  M o d i f i e d  Miche lson i n t e r f e r o m e t e r
A m o d i f i e d  Michelson i n t e r f e r o m e t e r  was adopted i n  o r d e r  
t o  s tudy mass t r a n s f e r  i n  f a l l i n g  l i q u i d  f i l m s .  A sche ma t i c  
diagram i l l u s t r a t i n g  t he  mode o f  o p e r a t i o n  of  t h e  m o d i f i e d  
Michelson i n t e r f e r o m e t e r  i s  g i ven i n  F i g . ( 3 . 4 )  and t he  a c t u a l  
l a y o u t  p r e s en t e d  i n  F i g . ( 3 . 5 ) .
The e s s e n t i a l  f e a t u r e  o f  t h e  f o r m a t i o n  o f  f r i n g e s ,  i s  
t he  d i v i s i o n  o f  a beam o f  l i g h t  by p a r t i a l  r e f l e c t i o n  a t  the  
f i r s t  s u r f a c e ,  and the  subsequent  s u p e r p o s i t i o n  o f  t h e  two 
beams a f t e r  t he y  have t r a v e r s e d  unequal  o p t i c a l  p a t h s .
Mode of  o p e r a t i o n :
-  A 1 mW Hel ium-Neon gas l a s e r  was used as t h e  l i g h t
s our ce j  t h i s  pr ov id ed  a v e ry  i n t e n s e  c o l l i m a t e d  beam o f  
monochromatic red l i g h t .
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Fig .( 3 - 4 )  PLAN VIEW: Schematic diagram of the modified Michelson 
. interferometer. B .E ._  beam expan der; B .S ._ beam splitter;
M-j -  reference mirror ; M2 - t e s t  mirror ; L-j™ focussing lens 
. ’an objective lens’ ; Vidicon of T.V. cam era.
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The beam f rom the  l a s e r  was passed through a G a l i l e a n  
t e l e s c o p e ,  used i n  r e v e r s e ,  t o  expand t he  beam t o  a 
l a r g e r  d i a m e t e r .
The l i g h t  was then d i v i d e d ,  t h a t  i s  t he  a m p l i t u d e  was 
d i v i d e d ,  i n t o  two beams o f  equal  i n t e n s i t y  by a cemented 
cube beam s p l i t t e r  w i t h  an a luminium s u r f a c e .  Th is  
s u r f a c e  ’ A ’ was p o s i t i o n e d  a t  4 5°  to  t he  i n c i d e n t  beam.  
The beams were r e f l e c t e d  a t  t h e  f r o n t - s i l v e r e d  m i r r o r s  
(Mi and M2 ) and recombined aga in  a t  t h e  beam s p l i t t e r .
Mi and M2 could be t i l t e d  by means o f  two m i c r o m e t e r  
s c r e w s .
The l i g h t  beam t o  Mi was f i r s t  t r a n s m i t t e d  and then  
r e f l e c t e d  a t  t h e  a luminium s u r f a c e  o f  the  beam s p l i t t e r ,  
whereas t h e  beam t o  M2 was f i r s t  r e f l e c t e d  and then  
t r a n s m i t t e d .  Because both beams were s u b j e c t  t o  t he  
same c o n d i t i o n s  o f  r e f l e c t i o n  and t r a n s m i s s i o n ,  they  
were o f  equal  i n t e n s i t y  when recombined,  which gave 
maximum c o n t r a s t .
Mi and M2 were p l aced such t h a t  t h e  g e o m e t r i c a l  l e n g t h s  
[AMi] and [AM2] were s l i g h t l y  d i f f e r e n t .  The reason  
f o r  t h e  d i f f e r e n c e  i s  t h a t  when w a t e r  was p r e s e n t  i n  t h e  
c e l l ,  then t h e  o p t i c a l  path f o r  each beam was 
a p p r o x i m a t e l y  e q u a l .
As a r e s u l t  of  super imposing both beams an i n t e r f e r e n c e  
p a t t e r n  was obser ved .  The emergent  beam f rom t h e  beam 
s p l i t t e r  was then passed through an o b j e c t i v e  lens  and 
produced a sharp m a g n i f i e d  image o f  t he  i n t e r f e r e n c e  
p a t t e r n  on t he  v i d i c o n  tube o f  a TV m o n i t o r .  The 
purpose of  t h i s  o b j e c t i v e  lens i s  a l s o  t o  b r i n g  a 
s e l e c t e d  p l ane  in  t he  o b j e c t  t o  focus i n  t h e  image.
When a mass t r a n s f e r  across t h e  i n t e r f a c e  o f  t h e  l i q u i d  
f i l m  took  p l a c e ,  then t h e  f r i n g e s  were seen t o  curve o ve r  
the  r e g i o n  where t h e  gas p e n e t r a t e d .  Th is  i s  because t he  
change in  the  gas c oncent - ra t ion w i l l  change t h e  r e f r a c t i v e  
index  o f  t he  w a t e r ,  c ons eque nt ly  t h e  o p t i c a l  path would  
change.  The amount of  gas t r a n s f e r r e d  can then be 
c a l c u l a t e d  by measurement o f  t h e  f r i n g e  c u r v a t u r e ,  as shown 
i n  C ha pt er  4 .
3 . 3 .  The G a s - L i q u i d  C e l l
The c e l l  was c o n s t r u c t e d  of  10 mm t h i c k  Duraminium 
( a lumi n i um a l l o y )  t o  a c t  as t h e  e x t e r n a l  box.  Duraminium 
was chosen as t h e  m a t e r i a l  o f  c o n s t r u c t i o n ,  f o r  t he  
f o l l o w i n g  reasons:  '
( a )  t o  s t r e n g t h e n  t h e  s t r u c t u r e  o f  t h e  c e l l ,  which  
would make i t  easy t o  handle  ( not  l i k e  g l a s s  o r  
p e r s p e x ) ;
( b)  i t s  r e a s o n a b l e  w e i g ht  ( n e a r l y  t he  same as g l a s s ) ;  
and
( c)  i t  i s  r e a s o n a b l y  easy t o  machine.
The c e l l  c o n s i s t s  o f  t h r e e  p a r t s ,  t he  c e n t r a l ,  t h e  
e n t r a n c e ,  and the e x i t  s e c t i o n s .
F i r s t l y ,  t he  c e n t r a l  s e c t i o n :
Shown i n  F i g s . ( 3 . 6 )  and ( 3 . 7 )  a re  s e c t i o n s  a long t h e  
l e n g t h  o f  t h e  c e l l  and s e c t i o n s  across t he  w i d t h  o f  t h e  c e l l  
r e s p e c t i v e l y .  The s ide s  o f  t h e  c e n t r a l  s e c t i o n  were cut  
8 0 . 0  cm long by 5 . 0  cm wi d e ,  and two s he et s  o f  f l a t  g l a s s  
p l a t e  5 mm t h i c k  were then cemented on each s i d e  e x t e r n a l l y ,  
using ' S i l c o s e t *  cement ,  t o  p r o v i d e  a v i e w i n g  space f o r  t he  
i n t e r f e r o m e t e r  beam (see F i g . ( 3 . 0 ) ) .
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B _ Bottom perspex plate, on which the liquid flow 
C -  Glass side windows
Fig.(3 -7 )  Section across the width of the gas-liquid cell
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I t  was not necessary  to  use o p t i c a l  f l a t  g la s s  f o r  the
s id e  windows o f  the  c e l l ,  as th e  l i q u i d  f i l m s  a re  t h i n  and
th e  f i e l d  o f  v i s i o n  is  s m a l l ,  so the  r e g io n  o f  th e  g las s  
windows through which th e  l i g h t  passes i s  s u f f i c i e n t l y  s m a l l ,  
t h e r e f o r e  th e  s u r f a c e  can be c o ns id ered  o p t i c a l l y  f l a t .
The w id th  o f  t h e  c e l l  was chosen such t h a t  th e  o p t i c a l  
path le n g th  would g iv e  e a s i l y  measurable  f r i n g e  s h i f t ,  and 
a ls o  i t  must be wide enough so t h a t  the  meniscus e f f e c t s  
would not become too  p red o m in an t .
A perspex p l a t e  9 2 .0  cm long and 7 .6  cm wide was
cemented on to  th e  bottom o f  the  c e l l ,  using ' T e n s o l '
perspex cement. T h is  g iv e s  a f l a t  s u r fa c e  on which l i q u i d  
f l o w s .
Secondly ,  e n t r a n c e  and e x i t  s e c t i o n s :
As can be seen from F i g . ( 3 . 6 ) ,  two tubes were made in  
th e  e n t ra n c e  compartment to  p ro v id e  gas and l i q u i d  e n t r y .  
S i m i l a r  tubes were made in  the  e x i t  chamber. In  o r d e r  to  
d i v i d e  th e  l i q u i d  e x i t  f lo w  from th e  c e l l  i n t o  a c e n t r a l  
and two s id e  r e g io n s ,  two e x t r a  e x i t  tubes were made. The e x i t  
l i q u i d  compartment was d i v i d e d  i n t o  t h r e e  s e c t io n s  us ing two 
p ieces  o f  pe rs pe x ,  which were p o s i t io n e d  between th e  e x i t  
ho les  to  d i v i d e  the  f lo w s .  These were a t i g h t  f i t  and 
’ S i l c o s e t *  was used to  s e a l  any le a k s ,  a ls o  th e y  were  
extended to 7 cm a long the  perspex base o f  the  c e l l  to  d i v i d e  
the  f lo w  p r i o r  to  the  l i q u i d  l e a v i n g ,  (F o r  more d e t a i l s  see 
S e c t io n  4 . 3 ) .
Three o t h e r  c e l l s  having the  same f e a t u r e s  bu t  o f  
d i f f e r e n t  le n g th s  were made, i . e .  le n g th s  o f  th e  w e t te d  
p l a t e s  o f  the  f o u r  c e l l s  used in  t h i s  s tudy were 9 2 . 0  cm,
7 0 . 5  cm, 4 5 . 0  cm and 1 9 . 5  cm.
3 . 4 .  The S up por t ing  Stand
The i n t e r f e r o m e t e r  and the  g a s - l i q u i d  c e l l  were a l l  
assembled on a s p e c i a l l y  c o n s t r u c te d  s ta n d .  The g e n e r a l  
assembly i s  shown in  F i g . ( 3 . 9 ) .  Th is  s tand  c o n s is ts  m a in ly  
o f  a lum in ium  c h a n n e l ,  c a s t  i r o n  s u p p o r t in g  p l a t e ,  and two 
l e g s .  The main f e a t u r e s  o f  t h i s  s u p p o r t in g  stand a r e :
(a )  Aluminium channel  on which th e  c e l l  was mounted,  
which has th e  advantage o f  e n a b l in g  the  c e l l  to  be 
moved a long  th e  c h a n n e l ,  f o r  o p t i c a l  s tudy  a long  
th e  c e l l .
(b)  A range o f  0Q to  25°  ang les  o f  i n c l i n a t i o n s  a re  
o b t a i n a b l e ,  w i th  v e ry  a c c u r a t e  s e t t i n g  up to  th e  
f i r s t  f i v e  de gre e s .
(c )  E l i m i n a t i o n  o f  any d is tu rb a n c e s  caused by e x t e r n a l  
v i b r a t i o n s  by i n s e r t i n g  a sheet  o f  ru b b e r  between  
th e  f e e t  o f  th e  s tand and th e  f l o o r .
(d)  Convenient  l e v e l  o f  o p e r a t i o n ,  i . e .  th e  a lum in ium  
channel  and th e  c a s t  i r o n  s u p p o r t in g  p l a t e  h e ig h t  
is  a d j u s t a b l e  o v e r  65 cm.
(e )  The l e v e l  o f  th e  a lum in ium  channel  and th e  c a s t  
i r o n  s u p p o r t in g  p l a t e  was a d j u s t a b l e  a long  i t s  
l e n g th  by means o f  the  two screwed le g s .
( f )  The s tand can be l e v e l l e d  across i t s  w id th  by means 
o f  two e x t r a  legs  f i x e d  to  th e  ca s t  i r o n  s h e e t ,  one
on each s id e  a t  th e  end o f  the  s ta n d .
3 . 5 .  A u x i l i a r y  Equipment
Two tanks  were used in  t h i s  s tu d y ,  one w i t h  a c a p a c i t y
o f  300 l i t r e s  and the  o t h e r  w i t h  a c a p a c i t y  o f  800 l i t r e s .
KEY FOR F I G . ( 3 . 9 )
1 -  Aluminium channel
2 -  Aluminium gu ide  r a i l
3 -  P i v o t  p o in t
4 - S t a b i l i s i n g  leg
5 - Cast i r o n  s u p p o r t in g  p l a t e
6 -  Lock nuts
7 - C i r c u l a r  m e ta l  supp or t  p l a t e
8 - Main legs
9 -  Threaded i n n e r  legs
10 - M e ta l  an g le  beam
11 - F ine  ang le  ad ju s tm ent
12 -  Screw f o o t
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The 300 l i t r e s  c a p a c i t y  ta n k  was p lac e d  a t  a h e ig h t  o f  
14 f t ,  and t h e  main one was p lac e d  j u s t  above th e  ground on 
a wooden base; both  o f  them were s i t u a t e d  in  the  same 
l a b o r a t o r y  as the  r e s t  o f  th e  equipm ent .  The two ta n k s  were  
connected w i th  a c e n t r i f u g a l  pump. A ls o ,  i t  was p o s s ib le  to  
bubble  any gas i n t o  th e  l i q u i d  in  th e  main t a n k .  A probe  
was f i x e d  in  th e  t a n k ,  which was connected to  a r e s i s t i v i t y  
m e te r  Csee Appendix C) f o r  d e te r m in in g  the  c o n c e n t r a t io n  o f  
carbon d io x id e  in  th e  w a t e r .
The l i q u i d  f l o w  r a t e s  from th e  ta n k  to  th e  c e l l  were  
c o n t r o l l e d  by two v a lv e s  l e a d in g  to  two ro ta m e te r s  w i t h  
ranges o f  0 . 2  to  2 l i t r e s  p e r  minute  and 0 .5  to  5 l i t r e s  
p e r  m i n u t e .
Two thermometers w i th  s e n s i t i v i t y  o f  ± 0 .0 5 °C  were  
used to  check the  te m p e ra tu r e  o f  th e  l i q u i d  b e fo r e  and a f t e r  
th e  gas l i q u i d  c e l l .
A c losed  c i r c u i t  TV system in  c o n ju n c t io n  w i t h  a 
s u i t a b l e  c in £  camera were used to. o b ta i n  permanent re c o rd s  
of  the  i n t e r f e r o g r a m s . The image p lan e  (see F i g . ( 3 . 5 ) )  was 
fo c u s e d ,  onto the  v id i c o n  tube  o f  a Pye TVT ‘ Lynx' a u to m a t ic  
TV camera. The s i g n a l  from the  camera was fed  to  a Pye 
19 inch v ideo  t e l e v i s i o n  m o n i t o r .  The m a g n i f ie d  image o f  
i n t e r f e r e n c e  p a t t e r n  was reco rd ed  by a c in £  camera. More 
d e t a i l s  o f  the  c losed  c i r c u i t  TV, th e  c in £  camera, and th e  
f i l m  used a re  g iven  in  Ta b le  ( 3 . 1 ) .
3 . 6 .  M o d i f i c a t i o n s  in t ro d u c e d
I t  i s  im p o r ta n t  to  mention t h a t  c o n s id e r a b le  t im e  was 
spent in  p r e l i m i n a r y  e xper im en ts  to  f i n d  the  b e s t  o p e r a t i n g
T a b l e  ( 3 . 1 )
D e s c r i p t i o n  o f  the  c losed  c i r c u i t  TV system
Components
Camera
D e s c r i p t i o n
Pye Lynex t r a n s i s t o r  a u to m a t ic  
t e l e v i s i o n ,  camera type  TVC/1A 
O p e ra t in g  on 625 l i n e s  
Scanning 50 f i e l d s / s e c
T e l e v i s i o n Pye TVT 19 inch v id e o  t e l e v i s i o n  
m o n i to r ,  ty pe  191,  o p e r a t in g  on 
625 l i n e  s t a n d a r d .  The m o n i to r  
was equipped w i t h  s i x  c h a n n e ls .
Cine camera B e a u l ie u  R16 e l e c t r i c  c in e  camera 
f i t t e d  w i t h  a ’ sync '  e l e c t r o n i c  
r e g u l a t i o n  system e nsur ing  
a c c u ra te  f i l m  d r i v e .
F i lm I l f o r d  Mark V c in 6  f i l m  w i t h  an 
ASA r a t i n g  o f  200 .
c o n d i t io n s  and to  o b ta i n  re p ro d u c e a b le  r e s u l t s  w i t h  a c l e a r  
t r e n d i  The f o l l o w i n g  m o d i f i c a t i o n s  were n e c essary :
(a )  L e v e l  a d j u s t e r
I t  was observed t h a t '  th e  two s id e  f lo w  r a t e s  from the  
two s id e  re g io n s  o f  th e  c e l l  were not equa l  in  s p i t e  o f  the  
f a c t  t h a t  th e  w id th  o f  the  two s id e  re g io n s  were e q u a l .  An 
e x am in a t io n  o f  th e  l e v e l  o f  th e  bottom p l a t e  o f  th e  c e l l  
showed t h a t  the  l e v e l  across the  w id th  o f  the  c e l l  was not  
e x a c t l y  h o r i z o n t a l ,  a ls o  i t  was d i f f i c u l t  to  a d ju s t  
a c c u r a t e l y  us ing  the  s t a b i l i s i n g  legs  (see  F i g . ( 3 . 9 ) ) .  In  
o r d e r  to  overcome t h i s  problem a l e v e l  a d j u s t e r  was p o s i t i o n e d  
between the  c e l l  and th e  a lum in ium  channel  (see  F i g . ( 3 . 8 ) ) .
A h o r i z o n t a l  l e v e l  across th e  w id th  o f  th e  c e l l  was then  
o b t a i n a b le  by a d j u s t i n g  w i th  a s p i r i t  l e v e l  ( s e n s i t i v i t y  =
20 sec .  o f  an a rc  p e r  d i v i s i o n ) .  C o n s is te n t  r e s u l t s  o f  the  
f lo w  r a t e s  from th e  two s id e s  were o b t a i n a b l e  as a 
consequence o f  th e  m o d i f i c a t i o n  in t r o d u c e d .
(b )  Adjustm ent  o f  l i q u i d  l e v e l  in  th e  e x i t  chamber (p o o l )
I t  was dec ided to  b r in g  th e  l e v e l  o f  l i q u i d  in  th e  e x i t
pool  i n t o  th e  same l e v e l  o f  th e  l i q u i d  f i l m  f l o w i n g  on th e  
bottom p l a t e  (w e t te d  p l a t e ) .  The reasons f o r  t h i s  were:
-  to  b r in g  th e  l e v e l  o f  th e  l i q u i d  above th e  e x i t  tubes  
to  ensure t h a t  no gas would escape through the  l i q u i d  
e x i t  l i n e s ,  i . e .  no mass t r a n s f e r  would ta k e  p la c e  in  
the  e x i t  l i n e s ;  and
-  to  p re v e n t  the  l i q u i d  from f a l l i n g  i n t o  th e  e x i t  pool  
which could a f f e c t  the  r e s u l t s .
As a r e s u l t  o f  t h i s  a r ra ng em e nt ,  i t  was found t h a t  a 
shock wave was produced on the  l i q u i d  j u s t  b e fo r e  th e  l i q u i d
f i l m  l e f t  the  bottom p l a t e .  Th is  s ta n d in g  wave was observed  
by f o l l o w i n g  lead  powder f lo w in g  on the  s u r fa c e  o f  th e  l i q u i d  
f i l m  which suddenly  stopped j u s t  b e fo r e  th e  end o f  th e  bottom  
p l a t e .  To a v o id  any d is tu rb a n c e s  on th e  bottom p l a t e  (shock  
w a v e ) ,  th e  l i q u i d  l e v e l  in  the  e x i t  pool  was a d ju s t e d  such 
t h a t  i t  became lo w e r  than  the  l i q u i d  f i l m  f lo w in g  on the  
bottom p l a t e  and above th e  e x i t  t u b e s .  The mass t r a n s f e r  due 
to  l i q u i d  le a v in g  the  bottom p l a t e  and f a l l i n g  i n t o  the  e x i t  
pool was s a t i s f a c t o r i l y  accounted f o r  as w i l l  be e x p la in e d  
i n  s u b -S e c t io n  5 . 2 . 2 .
3 . 7 .  E x p e r im e n ta l  procedure
The c e l l  was th o r o u g h ly  c leaned  b e f o r e  each r u n , ,  i . e .  
th e  bottom p l a t e  on which th e  l i q u i d  f lo w s  and th e  s id e  
windows were c leaned  f i r s t l y  w i t h  d i s t i l l e d  w a t e r ,  f o l lo w e d  
by methanol o r  a c e to n e ,  and then d r i e d  w i th  a i r .  A lso th e  
o u ts id e  s u r f a c e  o f  the  s id e  v ie w in g  windows were c le a n e d  to  
ensure a good p i c t u r e .
The c e l l  was then assembled and mounted in  p o s i t i o n  on 
th e  s u p p o r t in g  s tand -  a lum in ium  channel  ( o p t i c a l  b e n c h ) ,  
a t  th e  d e s i r e d  l e v e l  by using the  l e v e l  a d j u s t e r  (see  
F i g . ( 3 . 8 ) )  to  ensure t h a t  th e  l i g h t  beam would go through
the  l i q u i d  f i l m  above th e  bottom p l a t e .  The l e v e l  across
the  w id th  o f  the  c e l l  was a d ju s te d  us ing a s p i r i t  l e v e l
(20  seconds o f  an a rc  p e r  d i v is io n . '  s e n s i t i v i t y ) .  Th is
ad justm ent  ensured a c o n s ta n t  l i q u i d  f i l m  th ic k n e s s  across  
th e  c e l l ,  which was conf i rm ed from the measurements o f  f lo w  
r a t e s  from the  l e f t  and r i g h t  s id e s .
M i r r o r s  (M i )  and (M2 ) were a d ju s te d  by f i n e  screws to
ensure l i g h t  would go through the c e l l  p a r a l l e l  to  the  l i q u i d  
s u r f a c e .  T h is  im p o r ta n t  p o in t  was checked o p t i c a l l y  to  
ensure p e r f e c t  o p e r a t io n  o f  th e  i n t e r f e r o m e t e r .  M i r r o r  (M i)  
(see  F i g . ( 3 . 4 ) )  was then  f i n e l y  r e a d ju s t e d  by one o f  the  
screws to  o b ta in  a s u i t a b l e  f r i n g e  s p a c in g .
The c e l l  was purged through w i t h  n i t r o g e n  s a t u r a t e d  w i th  
w a t e r  vapour  a t  room t e m p e r a t u r e .  The d i s t i l l e d  w a t e r  was 
then  a l lo w e d  to  run through the  c e l l ,  t h i s  be ing  c o n t r o l l e d  
by a v a lv e  in  th e  l i n e ,  and b u lk  f lo w  r a t e s  were re co rd ed  
using the  r o t a m e t e r .  W a te r  used in  th e  a b s o r p t io n  s tudy  was 
d i s t i l l e d  and c o n ta in e d  le s s  than 50 ppm o f  carbon d i o x i d e .  
For the  d e s o r p t io n  s tu d y ,  th e  same d i s t i l l e d  w a t e r  was used,  
and carbon d i o x id e  was bubbled in  the  w a t e r ,  u n t i l  a v a lu e  
o f  c o n c e n t r a t io n  o f  C02 in  w a t e r  v e ry  c lo s e  to  th e  s a t u r a t i o n  
was re ac he d .  The c e l l  was then l e f t  f o r  15 minutes to  a t t a i n  
th e r m a l  e q u i l i b r i u m .  Th is  was ensured by r e c o r d in g  th e  i n l e t  
and e x i t  t e m p e r a tu r e s .
In  o r d e r  to  o b ta in  th e  f i l m  f lo w  r a t e  d a t a ,  l i q u i d  
samples ov e r  f i v e  minutes  were ta k e n  from th e  t h r e e  e x i t s  a t  
th e  end o f  the  c e l l .
In  th e  case o f  a b s o r p t io n ,  the  gas volume in  th e  c e l l  
was purged a t  a v e ry  low f lo w  r a t e  w i th  carbon d i o x i d e  
s a t u r a t e d  w i th  w a t e r  vapour .  T h is  was c o n t in u e d  u n t i l  the  
whole gas volume was 100% carbon d i o x i d e .  By o b s e rv in g  the  
i n t e r f e r o g r a m s , i t  was found t h a t  f i v e  minutes  was s u f f i c i e n t  
t im e  f o r  the  whole  gas volume to  be 100% carbon d i o x id e  
atmosphere.  The gas l i n e  was then d isc o n n e c ted  from the  
c e l l ,  and the  i n l e t  and e x i t  l i n e s  were c lo s e d .  The c e l l  was 
then  l e f t  to  reach e q u i l i b r i u m .
In  the  case o f  d e s o r p t io n ,  w a t e r  s a t u r a t e d  w i t h  carbon  
d i o x id e  was run through th e  c e l l ,  and carbon d i o x id e  
s a t u r a t e d  w i t h  w a t e r  vapour  was a ls o  purged .  Th is  carbon  
.d i o x i d e  was then r e p l a c e d ’ w i th  n i t r o g e n  s a t u r a t e d  w i t h  w a t e r  
vapour  u n t i l  the  whole  gas volume was 100% n i t r o g e n .
Samples from the e x i t  ( c e n t r a l  r e g io n )  were ta k en  f o r  
t i t r a t i o n ,  a ls o  r e s i s t i v i t y  m e te r  measurements (see  
Appendix C) were reco rd ed  a t  t h e  i n l e t  and e x i t  p o o ls .
The loaded c in e  camera was checked and th e  f o c a l  le n g th  
and a p e r t u r e  o f  the  lens  were c o r r e c t l y  s e t .  The c in £  
camera was s t a r t e d ,  and i n t e r f e r o g r a m s  were re c o rd e d  f o r  
a p p r o x im a te ly  t h r e e  seconds (75 f ram es)  f o r  each s p e c i f i c  
f lo w  c o n d i t i o n .
3 . 8 .  E x p e r im e n ta l  arrangement f o r  f i l m  t h ic k n e s s  measurements
The e x p e r im e n ta l  s e t t i n g  and procedure  f o r  th e  f i l m  
t h ic k n e s s  measurements were as f o l l o w s :
-  A t r a v e l l i n g  microscope w i t h  V e r n i e r  s c a le  ( ± 0 . 0 1  mm) was
s i t u a t e d  a t  one s id e  o f  the  c e l l  and focussed on th e
c e l l  window.
- A l i g h t  source was s i t u a t e d  on th e  o t h e r  s id e  o f  th e  c e l l .  
The reason f o r  us ing t h i s  l i g h t  source was due to  th e  
f a c t  t h a t  l i g h t  beams would t r a v e r s e  o n ly  th rough  the  
l i q u i d  f i l m ,  which would make the  l i q u i d  f i l m  b r i g h t  and 
w e l l  d e f i n e d ,  w h i le  the  o t h e r  beams, which would
t r a v e r s e  j u s t  above' th e  l i q u i d  f i l m ,  would be r e f r a c t e d
due to  the  meniscus and as a r e s u l t  o f  t h a t  th e  a re a
j u s t  above the  l i q u i d  f i l m  would appear  dark  f rom  the  
o t h e r  s id e  o f  the  c e l l .
-  A s p i r i t  l e v e l  ( w i t h  a s e n s i t i v i t y  o f  20 sec o f  an arc  
p e r  d i v i s i o n )  was used to  a d ju s t  th e  l e v e l  o f  the  
bottom p l a t e  in  th e  c e l l  on which th e  l i q u i d  f i l m  f l o w s .  
Using these  e x p e r im e n ta l  a r ra ng em e nts ,  th e  f i l m  
th ic k n e s s  was measured f o r  a l l  f lo w  c o n d i t io n s  s t u d i e d .
I t  i s  im p o r ta n t  to  in c lu d e  here  t h a t  the  f i l m  
th ic k n e s s e s  were a ls o  o b t a i n a b l e  from i n t e r f e r o g r a m s .
CHAPTER A ;
ANALYSIS OF DATA
A n a ly s is  o f  Data
4 . 1 .  O p t i c a l  r e s u l t s
A l l  o p t i c a l  e x p e r im e n ta l  r e s u l t s  were o b ta in e d  by 
a n a l y s i s  o f  i n t e r f e r o g r a m s  o f  th e  mass t r a n s f e r  process  
reco rd ed  on c in e  f i l m .  The 16 mm f i l m  r e c o r d in g  th e  proc e s s ,  
once deve lop ed ,  was run through a frame a n a ly s in g  p r o j e c t o r .  
Once i t  was dec ided which frames needed f u r t h e r  a n a l y s i s ,  
th e  f i l m  was e i t h e r  m a g n i f ie d  on a shadowgraph from which a 
permanent re c o rd  o f  f r i n g e s  could be o b ta in e d  w i t h  th e  a id  
o f  t r a n s p a r e n t  graph paper  ( e n a b l i n g  th e  curved f r i n g e  to  be 
s k e t c h e d ) ,  o r  th e  frame could be e n la rg e d  and p r i n t e d  on 
a p p r o p r i a t e  p h o to g ra p h ic  pa p e r .
4 . 1 . 1 .  P r a c t i c a l  i n t e r p r e t a t i o n  o f  r e s u l t s
A t y p i c a l  f r i n g e  as seen in  the  p h y s ic a l  a b s o r p t io n  
s t u d i e s  i s  shown in  F i g . ( 4 . 1 ) .  Whether a f r i n g e  ben t  to  th e  
l e f t  o r  r i g h t  was dependent on th e  s e t t i n g  o f  m i r r o r s  (M i )  
and (M2 ) *  F i g .  ( 3 . 4 ) ,  and a ls o  w h e th e r  the  r e f r a c t i v e  index  
a t  a p o in t  on the  f r i n g e  had a s m a l l e r  o r  l a r g e  v a lu e  than  
a t  a p o in t  below i t .  The f r i n g e  spac ing  ”b ” depends on th e  s e t t i n g  
o f  th e  two m i r r o r s  (M i )  and (M2 ).. The f r i n g e  s h i f t  "my” is  
dependent upon the  c o n c e n t r a t io n  o f  gas in  the  s o l u t i o n  a t  
l e v e l  y mm.
4 . 1 . 2 .  The s e n s i t i v i t y  o f  the  i n t e r f e r o m e t e r
Suppose the  d e n s i t y  o f  the  medium, in  which th e  l i g h t  
beam passes, changed in  such a way so as to  d i s p la c e  the  
f r i n g e  p a t t e r n  by one f r i n g e  spac ing  " b " .  Then th e  t o t a l  
l i g h t  path through the  c e l l  a t  t h i s  c o n d i t i o n  would have
Gas liquid 
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Fig.(4_1) Diagram of typical fringe shift expected for carbon 
dioxide-w ater system.
been in c re a s e d  o r  decreased by one w a v e le n g th .  S ince  the  
l i g h t  beam t r a v e l s  tw ic e  through the  c e l l ,  th e n ,
O r i g i n a l  l i g h t  path = 2 .W.Nq
New path le n g th  = 2.W.N^. a t  t im e  " t"
. * .  2 .W.N, = 2.W.N + At  o
where W is  th e  c e l l  path l e n g t h ,  N is  the  r e f r a c t i v e  in dex  
and A is  the  w ave length  o f  the  l i g h t  source used ( e q u a l  to  
6 3 2 .8  na n o m e tre s ) .
With a c e l l  path l e n g t h ,  i . e .  w i d t h ,  o f  84 mm, th e  
change in  r e f r a c t i v e  in dex  (AN) w i l l  be g iven  by,
AN = N. -  N = 4 rt  o 2W
AN • = 3 .7 6 7  x 10~6 ( 4 . 1 )
Th is  is  f o r  one f r i n g e  d is p la c e m e n t .  T h e r e f o r e ,  th e
change in  r e f r a c t i v e  index  f o r  a f r i n g e  s h i f t  ”m" w i l l  be 
g iven  by
AN = 3 .7 6 7  x I D " 6 £  ( 4 . 2 )b
where m and b are  th e  f r i n g e  s h i f t  and f r i n g e  spac ing  
r e s p e c t i v e l y .
4 . 1 . 3 .  A n a ly s is  o f  the  in t e r f e r o g r a m s
In  o r d e r  to  i n t e r p r e t  the  i n t e r f e r o g r a m s , the  r e l a t i o n ­
sh ip  between th e  c o n c e n t r a t io n  o f  CO2 in  w a t e r  and the  
r e f r a c t i v e  index  is  needed. Th is  c o r r e l a t i o n  was e s t a b l i s h e d  
as a p a r t  o f  the  p re s e n t  work us ing a m o d i f ie d  Twyman-Green 
i n t e r f e r o m e t e r .  The e x p e r im e n ta l  te c h n iq u e  i s  d e s c r ib e d  in
Appendix C. The work was i n i t i a t e d  by th e  absence o f  data  
o t h e r  than t h a t  o f  Watson (1 954 )  which were on ly  f o r  d i l u t e  
s o l u t i o n s .  The p re s e n t  r e s u l t s  a re  summarised by e q u a t io n  
( 4 . 3 )  and i t  agrees re a s o n a b ly  w e l l  w i th  W atson’ s r e l a t i o n ­
s h i p ,  and is  g ive n  by
-AN = 1 .0 0 9  x 1 0 " 3 C g m o l / l i t r e  ( 4 . 3 )
where C is  th e  carbon d i o x id e  c o n c e n t r a t io n  in  g m o l / l i t r e .
The n e g a t iv e  s ig n  means t h a t  th e  r e f r a c t i v e  index  w i l l  
decrease as th e  c o n c e n t r a t io n  o f  CO2 i n c r e a s e s .
Comparing e q u a t io n s  ( 4 . 2 )  and ( 4 . 3 )  g ive s
C = 3 .7 3 3  x 10 3 j j  g m o l / l i t r e  ( 4 . 4 )
The n e g a t iv e  s ign was n e g le c te d  because we a re  i n t e r e s t e d  in  
the  magnitude of  C. Then, the  in t e r f e r o g r a m s  could  be 
ana lysed  to  g i v e :
(a )  S u r fa c e  C o n c e n t r a t io n  'C s - o p t i c *
The p o in t  o f  i n t e r s e c t i o n  o f  a f r i n g e  w i th  th e  i n t e r f a c e
( F i g . ( 4 . 1 ) )  d e f in e s  m . P ro v id e d  no gas p e n e t r a t e s  deepers ^
than ’ y_p ’ , then (m / b )  can be used to  f i n d  th e  v a lu e  o fT S (
' C g - o p t i c '  trom e q u a t io n  ( 4 . 4 ) :
m
CS - o p t i c  “ 3 .7 3 3  x IQ -3 g m o l / l i t r e  ( 4 . 5 )
T h is  is  the  a b s o lu te  v a lu e  o f  Cg a t  the  i n t e r f a c e  as g ive n  
by o p t i c s .
(b)  The amount o f  s o l u t e  t r a n s f e r r e d  ’ 1
The amount o f  s o lu t e  t r a n s f e r r e d ,  denoted by ( l \ - o p t i c ^ * 
i s  g iven  by:
y = y f
Mt - o D t i c  =  ^ C,Ay [gmol /£ ] .mm ( 4 . 6 )
. y=0
I t  f o l lo w s  from e q u a t io n  ( 4 . 4 )  t h a t
- 3  y = y f3v733 x 10 v T • A r a -7 •>
Mt - o p t i c  _■  B -   yl0 m- Ay ( 4 - 73
Where th e  summation i s  the  p h y s ic a l  a rea  measured, and 
’ b ’ i s  the  f r i n g e  s p a c in g ,  both measurements must be 
c o r r e c t e d  f o r  the  m a g n i f i c a t i o n  f a c t o r s .
The average v a lu e  o f  the  gas c o n c e n t r a t io n  in  th e  l i q u i d ,  
a t  any p lane  p e r p e n d i c u l a r  to  the  i n t e r f a c e ,  i s  denoted by 
Cavg(gm° l /&)* t h i s  can be found from th e  o p t i c s  by d i v i d i n g  
^ t - o p t i c  ky t o t a l  l i q u i d  de p th .
I t  should be emphasised here t h a t  f o r  th e  o p t i c a l  r e s u l t s  
o b ta in e d  to  have a complete  meaning in  r e l a t i o n  to  th e  gas 
a b s o r p t io n  o r  d e s o r p t io n  s t u d i e s ,  the  te m p e ra tu r e  e f f e c t s  
should  be i n s i g n i f i c a n t .  Th is  was ensured p r a c t i c a l l y  by 
e ns ur ing  s i m i l a r  te m p e ra tu re s  f o r  both gas and l i q u i d  b e fo r e  
mass t r a n s f e r  commenced. The heat  l i b e r a t e d  by the  carbon  
d i o x id e  a b s o r p t io n  process has been co n s id e re d  by Khanna 
(1 9 71 )  and shown to  have a n e g l i g i b l e  e f f e c t  on the  
i n t e r f e r o g r a m s . A lso from  the te m p e ra tu r e  measurements  
( s e n s i t i v i t y  ± 0 .0 5 ° C )  a t  i n l e t  and o u t l e t  f o r  both  
a b s o r p t io n  and d e s o r p t io n  processes shows no te m p e ra tu r e  
changes .
4 . 2 .  Average c o n c e n t r a t io n  r e s u l t s
4 . 2 . 1 .  R e s i s t i v i t y  m e te r  a n d / o r  t i t r a t i o n  r e s u l t s
For  a b s o r p t io n ,  the  average carbon d i o x i d e  c o n c e n t r a t i o n
a t  th e  end o f  th e  c e l l  were de te rm ined  by a r e s i s t i v i t y  
m e te r  (see Appendix C ) .
For d e s o r p t i o n ,  th e  r e s i s t i v i t y  m e te r  was not a c c u r a te  
enough due to  the  sharp s lope  o f  the  c a l i b r a t i o n  curve  
i n s i d e  the  range o f  o p e r a t i o n ,  and l i q u i d  samples were taken  
f rom the  e x i t  o f  the  c e l l  in  o r d e r  to  d e te rm ine  the  average  
carbon d i o x id e  c o n c e n t r a t io n  by t i t r a t i o n .  When th e  system  
reached e q u i l i b r i u m ,  a 20 cc sample o f  the  l i q u i d  was taken  
f rom th e  c e n t r a l  s e c t i o n  o f  the  e x i t .  Each sample was then  
added to  20 cc o f  0 .1  N sodium h y d ro x id e  s o l u t i o n  and 20 cc 
o f  10% bar ium  c h l o r i d e  s o l u t i o n ,  in  o r d e r  to  p r e c i p i t a t e  
the  carbon d i o x id e  in  th e  sample . The q u a n t i t y  o f  bar ium  
c h l o r i d e  s o l u t i o n  was s u f f i c i e n t  to  n e u t r a l i s e  a s o l u t i o n  
s a t u r a t e d  w i th  carbon d i o x i d e .  The s o l u t i o n  was then  back  
t i t r a t e d  w i th  0 .0 5  N h y d r o c h l o r ic  a c id  us ing p h e n o lp h t h a le in  
as i n d i c a t o r .  As e x p la in e d  by Lu ( 1 9 6 5 ) ,  the  end p o in t  was 
d eterm ined  when the  s o l u t i o n  changed from red to  c o l o u r l e s s ,  
c orrespo nding  to  th e  pH range o f  8 .5  to  1 0 . 8 .  The m ix t u r e  
was always kept  w e l l  shaken, so t h a t  a t  th e  end p o in t  a l l  
th e  sodium h y d ro x id e  s o l u t i o n  had been n e u t r a l i s e d .  The 
d e t a i l s  o f  th e  r e a c t i o n s  t a k i n g  p l a c e ,  and the  s ta n d a rd  
t i t r a t i o n  te c h n iq u e  used is  g ive n  in  Vogel ( 1 9 6 4 ) .
4 . 2 . 2 .  O p t i c a l  r e s u l t s
The average  v a lu e  of  the  gas c o n c e n t r a t io n  in  th e  l i q u i d  
a t  any p lane  p e r p e n d i c u l a r  to  th e  i n t e r f a c e ,  can be found  
from the  o p t i c s  by d i v i d i n g  ^ t - o p t i c '  eclLia't ion ( 4 . 7 ) ,  by th e  
l i q u i d  f i l m  t h i c k n e s s ,  i . e . ,
m _ 3 y " y f
c ,  3 - 7 ? 3 * 1 0  ■ y m.Ay ( 4 . 0 )a v g - o p t i c  h h x b
4 . 3 .  F i lm  f lo w  r a t e  a n a ly s is
In  o r d e r  to  i n v e s t i g a t e  th e  mass t r a n s f e r  process f o r  
th e  case o f  l i q u i d  f lo w in g  down an i n c l i n e d  p la n e ,  th e  t r u e  
v a lu e  o f  the  f i l m  f lo w  r a t e  i s  needed, but due to  th e  s id e  
w a l l  e f f e c t s  a d i r e c t  measure o f  t h i s  p a ra m e te r  w i l l  r e s u l t  
i n  l a r g e  e r r o r s .  The s id e  w a l l  e f f e c t s  w i l l  be d iscussed  in  
g r e a t e r  d e t a i l  in  C ha p te r  ( 5 ) ,  s u b s e c t io n  ( 5 . 1 . 2 ) .  To 
e l i m i n a t e  the  s id e  w a l l  e f f e c t s ,  t h e  e x i t  l i q u i d  f l o w  from  
th e  c e l l  was d i v i d e d  i n t o  t h r e e  r e g io n s ,  the  c e n t r a l  p o r t i o n  
o f  the  f i l m  and the  two s id e  r e g io n s .  By d i v i d i n g  th e  e x i t  
l i q u i d  f l o w ,  th e  s id e  w a l l  e f f e c t s  could be i n v e s t i g a t e d ,  
a ls o  th e  t r u e  v a lu e s  of  the  f i l m  f lo w  r a t e  could be o b t a i n e d .
Assuming t h a t  the  f lo w s  in  each s id e  meniscus r e g io n  are  
e q u a l ,  then th e  f lo w  s i t u a t i o n  could be r e p r e s e n te d  
d i a g r a m a t i c a l l y  as shown in  F i g .  ( 4 . 2 ) .  Then by p e r fo r m in g  
an o v e r a l l  mass b a la n c e ,
Qf = Qq + + 20^ ( 4 . 9 )
Ql = Qs + ( 4 . 1 0 )
and Qr = Qs + (4 . -11)
where and QR are  the  t o t a l  f lo w  r a t e  f o r  th e  l e f t  and th e
r i g h t  s id e  r e s p e c t i v e l y .
° s  = ° c  *  f r f  ( 4 - 1 2 )
which assumes t h a t  the  average  b u lk  f lo w  v e l o c i t y  d i s t r i b u t i o n s  
are  e q u a l .
Hence f r o m  e q u a t i o n s  ( 4 . 1 0 ) ,  ( 4 . 1 1 ) ,  and ( 4 . 1 2 ) ,  we have
Q t  = Total flow rate c.c/m in.’ , width = 7.6 cm. 
Qm= Meniscus flow rate c.c./min.
Q q =  Central region flow ’c.c /m in.’ , w idths 2.6 cm. 
Qs = Side region flow ’c.c./min.’ , w idths 2.5 cm.
Fig .(4_2) Section across the cell-
T h e r e f o r e ,  by measuring Q^, and Q^, then can be 
c a l c u l a t e d ,  a ls o  the  s id e  w a l l  e f f e c t s  could be i n v e s t i g a t e d .
CHAPTER 5
RESULTS AND DISCUSSION
R e s u l t s  and d i s c u s s i o n
The r e s u l t s  a re  p re s e n te d  in  t h r e e  p a r t s :
Ca) S e c t io n  ( 5 . 1 )  -  a b r i e f  a n a l y s i s  o f  the  hydrodynamics  
o f  f l o w i n g  l i q u i d  f i l m s .
(b )  S e c t io n  ( 5 . 2 )  -  a n a l y s i s  o f  th e  t h e o r e t i c a l  and 
e x p e r im e n ta l  average mass t r a n s f e r  ( a b s o r p t io n  and 
d e s o r p t io n )  r e s u l t s  a t  v a r io u s  ang les  o f  i n c l i n a t i o n s .
(c )  S e c t io n  ( 5 . 3 )  -  a n a l y s i s  o f  th e  i n t e r f e r o m e t r i c  r e s u l t s  
o b ta in e d  f o r  a b s o r p t io n  and d e s o r p t io n  processes  w i t h  
r e f e r e n c e  to  c o n v e c t iv e  d is tu rb a n c e s  ( p e r t u r b a t i o n s  - 
e d d i e s ) ,  and s u r f a c e  r e s i s t a n c e .
a5 . 1 .  Hydrodynamic study o f  f a l l i n g  l i q u i d  f i l m s
5 . 1 . 1 .  Flow o f  a f a l l i n g  f i l m
One o f  th e  e a r l i e s t  and most u s e f u l  works concern in g  
t h e  hydrodynamics o f  f a l l i n g  l i q u i d  f i l m s  was per form ed by 
N u s s e l t  ( 1 9 1 6 ) .  The f lo w  was assumed to  be s te a d y  and 
u n i fo rm ,  i . e .  th e  p r o p e r t i e s  o f  th e  f lo w  a re  c o n s ta n t  w i t h  
r e s p e c t  to  t im e  and w i th  r e s p e c t  to  d is t a n c e  in  th e  d i r e c t i o n  
o f  f l o w .  N u s s e l t  (1916 )  o b ta in e d  e q u a t io n s  f o r  th e  v e l o c i t y  
p r o f i l e ,  the  s u r fa c e  v e l o c i t y ,  th e  mean v e l o c i t y  o f  th e  
l i q u i d  f i l m  and th e  mean f i l m  t h i c k n e s s .  The e q u a t io n s  
o b ta in e d  are  p re s en ted  below.
The v e l o c i t y  d i s t r i b u t i o n  i s  g iven  by the  s e m i p a r a b o l ic  
e q u a t i o n :
The maximum ( o r  s u r f a c e )  v e l o c i t y  i s  t h e r e f o r e
. j L j4 .J Li .ng ( 5
s 2v
By i n t e g r a t i n g  ( 5 . 1 . 1 )  o v e r  th e  f i l m  t h i c k n e s s ,  th e  mean 
v e l o c i t y  i s  found to  be
( 5 . 1 . 1 )
u g h2 s ing  3v ( 5 . 1 . 3 )
T h e r e fo r e
us 1 .5  u ( 5 . 1 . 4 )
The f i l m  th ic k n e s s  is  g ive n  by
3v 0 1 /3h g W s in 3
( 5 . 1 . 5 )
Horizontal
F i g . ( 5 . 1 . 1 )
C o o rd in a te  system f o r  smooth s u r f a c e  f i l m  problem
The c o o r d in a t e  system o f  the  problem is  shown in  
F i g . ( 5 . 1 . 1 ) .  The d e r i v a t i o n  o f  these  e q u a t io n s  is  a ls o  g iven  
in  B i r d ,  S te w a r t  and L i g h t f o o t  ( 1 9 6 0 ) .
The a p p l i c a b i l i t y  o f  N u s s e l t ’ s t h e o r y  (1 9 16 )  w i l l  be 
t e s t e d  e x p e r i m e n t a l l y  by measuring f i l m  th ic k n e s s e s  and 
comparing these  v a lu e s  w i t h  N u s s e l t ’ s p r e d i c t i o n s .  Also a 
b r i e f  r e v ie w  o f  th e  most u s e f u l  work done on t h i s  p o i n t  w i l l  
be p re s en ted  in  s u b s e c t io n  ( 5 . 1 . 3 ) .
Some o t h e r  c h a r a c t e r i s t i c s  o f  th e  f lo w  o f  v iscous  
l i q u i d s  in  th e  form o f  t h i n  f i l m s ,  e . g .  waves a t  th e  f r e e  
s u r f a c e ,  w i l l  be d e a l t  w i t h  in  s u b s e c t io n  ( 5 . 1 . 4 ) ,  s in c e  
N u s s e l t ’ s (1 916 )  t h e o r y  j u s t  d e a l t  w i th  s tead y  and u n i fo rm  
f  l o w .
5 . 1 . 2 .  S i d e - w a l l s  e f f e c t s
When a l i q u i d  f i l m  f lo w s  in  a channel  o f  f i n i t e  w i d t h ,  
w i th  s id e  w a l l s ,  th e  f lo w  is  no lo n g e r  two d im e n s io n a l  in  
n a tu r e  but s id e  e f f e c t s  o ccur  and must be taken  i n t o . a c c o u n t . 
Two types  o f  s id e  w a l l  e f f e c t s  can occur:  v iscous  s id e  
e f f e c t s ,  due to  the  drag o f  th e  s id e  w a l l s ,  and c a p i l l a r y  
s id e  e f f e c t s  (meniscus e f f e c t s ) ,  due to  th e  c a p i l l a r y  
s u r fa c e  e l e v a t i o n  a t  the  s id e  w a l l s .  However,  e x p e r i m e n ta l  
o b s e r v a t i o n s ,  B in n ie  (1959 )  and F u l f o r d  ( 1 9 6 2 ) ,  have shown 
t h a t  th e  l o c a l  f lo w  r a t e s  near  the  s id e  w a l l s  are  
c o n s id e r a b ly  l a r g e r  than the l o c a l  f lo w  r a t e s  o v e r  the  
c e n t r a l  p a r t  o f  th e  c h a n n e l .
I t  i s  c l e a r  t h a t ,  in  o r d e r  to  c a r r y  out the  mass 
t r a n s f e r  s tudy  in  a r e c t a n g u l a r  channel  (w e t te d  w a l l ) ,  th e  
s id e  w a l l s  e f f e c t s  must be taken  i n t o  account o th e r w is e  
l a r g e  e r r o r s  r e s u l t .  T h e r e f o r e ,  i t  was dec ided to  d i v i d e
t he  l i q u i d  l e a v i n g  t h e  c e l l  i n t o  a c e n t r a l  r e g i o n  and two 
s i d e  r eg io n s  as i t  l e f t  t he  end o f  t h e  w e t t e d  p l a t e .  This  
arrangement  w i l l  he lp  to e l i m i n a t e  t h e  s i d e  w a l l  e f f e c t s  
and t o  d e t e rmi n e  t h e  t r u e  v a l u e  o f  t h e  p ar a me t e r  f rom t he  
c e n t r a l  r e g i o n .
I t  i s  i m p o r t a n t  a t  t h i s  s t a ge  to d e f i n e  t he  f o l l o w i n g  
two Reynolds numbers:
Re-p -  T o t a l  Reynolds number which would be c a l c u l a t e d  
f rom t h e  t o t a l  v o l u m e t r i c  f l o w  r a t e  d i s t r i b u t e d  
across the e n t i r e  c e l l  w i d t h ,  and
Rep -  F i l m  Reynolds number which would be c a l c u l a t e d
f rom t he  e x p e r i m e n t a l l y  de te rmi ne d f l o w  r a t e  f rom  
t h e  c e n t r a l  r e g i o n  o f  t he  c e l l .
Shown i n  F i g s . ( 5 . 1 . 2 )  and ( 5 . 1 . 3 )  a re  t he  f i l m  f l o w  r a t e  
and t h e  f i l m  Reynolds number as a f u n c t i o n  o f  t he  t o t a l  f l o w  
r a t e  and t o t a l  Reynolds number,  r e s p e c t i v e l y ,  f o r  a l l  ang l es  
of  i n c l i n a t i o n  s t u d i e d .  I t  can be seen from F i g . ( 5 . 1 . 3 )  t h a t  
as t h e  ang l e  o f  i n c l i n a t i o n  i n c r e a s e s  t he  f i l m  Reynolds  
number decreases o r  d e v i a t e s  more a t  t h e  same t o t a l  Reynolds  
number.  Th is  could be e x p l a i n e d  by t he  f a c t  t h a t  as t he  
angl e  o f  i n c l i n a t i o n  i n c r e a s e s ,  t he  f i l m  becomes t h i n n e r ,  
w h i l e  t h e  r e l a t i v e  h e i g h t  of  t he  meniscus r e m a i n s . n e a r l y  
c o n s t a n t .  Th is  a l s o  i s  demonst ra ted q u i t e  c l e a r l y  i n  
F i g . ( 5 . 1 . 4 )  where t he  f i l m  f l o w  r a t e  was p l o t t e d  a g a i n s t  an 
angl e  o f  i n c l i n a t i o n  f o r  a d i f f e r e n t  v a l u e  o f  t o t a l  f l o w  
r a t e .
I t  i s  c l e a r  f rom these  F i g s . ( 5 . 1 . 2 )  and ( 5 . 1 . 3 )  t h a t  
t h e  l o c a l  f l o w  r a t e s  n ea r  the  s id e  w a l l s  are  c o n s i d e r a b l y  
l a r g e r  than the  l o c a l  f l o w  r a t e s  o v e r  t he  c e n t r a l  r e g i o n .
T h i s  b e h a v i o u r  could be e x p l a i n e d  as f o l l o w s :
-  Due t o  t h e  s u r f a c e  t e n s i o n  f o r c e s ,  t he  l i q u i d  w i l l  form  
a meniscus n ea r  t he  s i d e  w a l l s ;  and
-  as e q u a t i o n  ( 5 . 1 . 2 )  shows t h a t  t he  s u r f a c e  v e l o c i t y  
i n c r e a s e s  w i t h  t h e  square o f  t he  l o c a l  l i q u i d  d e p t h ,
-  t h e r e f o r e ,  the  s u r f a c e  v e l o c i t y  i n c r e a s e s  s h a r p l y  i n  
t h e  meniscus r e g i o n  u n t i l  t he  s i de  w a l l  i s  approached  
so c l o s e l y  t h a t  t he  opposing v i sc ous  s i de  e f f e c t s  
become dominant .
I t  can be seen f rom F i g s . ( 5 . 1 . 5 )  and ( 5 . 1 . 6 )  t h a t  a t  a 
p a r t i c u l a r  angl e  o f  i n c l i n a t i o n ,  as the  t o t a l  f l o w  r a t e  
i n c r e a s e d ,  t he  d i f f e r e n c e  between t h e  c e n t r a l  and s i d e  r e g i o n  
Reynolds number de cr ea s ed .  Th i s  could be due t o  a 
p r o p o r t i o n a l l y  l a r g e r  i n c r e a s e  i n  t h e  f i l m  t h i c k n e s s .
Work per formed by F u l f o r d  (1 962 )  and M e r r i t t  ( 1 96 6)  
has shown t h a t  f l o w  i n  t he  s i d e  r e g i o n  i s  g r e a t e r  t ha n i n  t he  
c e n t r a l  r e g i o n  o f  a f a l l i n g  l i q u i d  f i l m .  A l s o ,  more r e c e n t l y ,  
Ray (1 973 )  and Thomas, Ray and Pa lme r  ( 19 76 )  c o nf i rm e d t h i s  
b e h a v i o u r .  F u l f o r d  ( 1 9 6 2 ) ,  ( 1 9 6 4 ) ,  c a l c u l a t e d  n u m e r i c a l l y  
t h e  v e l o c i t y  d i s t r i b u t i o n s  i n  t he  meniscus r e g i o n  o f  a w a t e r  
f i l m  f l o w i n g  in  a g l as s  c h a n n e l .  The c a l c u l a t e d  r e s u l t s  f o r  
t h e  l o c a l  f l o w  r a t e s  were i n  f a i r  agreement  w i t h  t he  
e x p e r i m e n t a l  r e s u l t s .
M e r r i t t  (1 966 )  drew a t t e n t i o n  t o t he  f a c t  t h a t  p r e v i o u s  
work,  e . g .  Jepsen (1 964 )  and Lu ( 1 9 6 5 ) ,  has not  t a k en  i n t o  
account  i n c r e a s e d  f l o w  v e l o c i t i e s  i n  t he  meniscus r e g i o n .  
G a r t s i d e  (1 962 )  s t a t e d  t h a t  on ly  some o f  h i s  l a t e r  r e s u l t s  
were o b t a i n e d  by d i v i d i n g  the e x i t  f l o w  f rom t he  c h a n n e l .  
However,  he c la ims t o  have e l i m i n a t e d  the  meniscus e f f e c t  by
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F i g .  ( 5 . 1 . 2 )  E x p e r i m e n t a l  r e l a t i o n s h i p  between f i l m  and t o t a l  
f l o w  r a t e s  f o r  a l l  angles  s t u d i e d .
Angles of  i n c l i n a t i o n :  1 - 1 ° ;  2 -  2Qj 3 - 3 ° j  4 -  4 ° j  5 - 5 ° ;
6 - 10°  1 1 ' ;  7 -  14°  1 4 ' ;  8 - 1 9 °  1 3 ’ .
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F i g . ( 5 . 1 . 3 )  R e l a t i o n s h i p  between f i l m  and t o t a l  Reynolds number  
f o r  a l l  angles  s t u d i e d .
Angles, o f  i n c l i n a t i o n :  1 -  1 ° j  2 -  2 ° j  3 -  3 ° j  4 -  4'° j
5 -  5 ° j 6 -  1 0 °  1 1 ’ , 7 -  1 4 °  1 4 ’ , 8 -  1 9 °  1 3 ’ .
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F i g . ( 5 . 1 . 5 )  R e l a t i o n s h i p  between r e g i o n a l  Reynolds number  
( F i l m ,  and ' R i g h t / L e f t '  s i d e )  and t o t a l  Reynolds number.  
Angle o f  i n c l i n a t i o n  1Q. H R i g h t / L e f t  Reynolds number;
□ F i l m  ’ c e n t r e '  Reynolds number.
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F i g . ( 5 . 1 . 6 )  R e l a t i o n s h i p  between r e g i o n a l  Reynolds number  
( F i l m ,  and ' R i g h t / L e f t '  s i d e )  and t o t a l  Reynolds number.  
Angle o f  i n c l i n a t i o n  3 ° .  H R i g h t / L e f t  Reynolds number;
□ F i l m  ' c e n t r e '  Reynolds number.
t h e  use o f  wedges,  but  t h i s  i s  d o u b t f u l  as he n e g l e c t e d  the  
drag f o r c e s .
I t  can be a p p r e c i a t e d  t h a t  l a r g e  e r r o r s  w i l l  r e s u l t  i n  
t he  a n a l y s i s  o f  t he  e x p e r i m e n t a l  o r  t he  t h e o r e t i c a l  r e s u l t s  
i f  t he  s i de  w a l l s  e f f e c t s  have not  been t ak en  i n t o  acco unt ,  
and t h e  t r u e  v a l u e  o f  t he  p a r a m e t e r ,  i . e .  t he  f i l m  f l o w  r a t e ,  
has not  been determi ned. .
5 . 1 . 3 .  Mean f i l m  t h i c k n e s s
' *  —  -
Using t he  e x p e r i m e n t a l  t e c h n iq u e  d e s c r i b e d  i n  C h a pt e r  3,  
s u b s e c t i o n  ( 3 . 8 ) ,  t h e  t h i c k n e s s e s  o f  t h e  f a l l i n g  l i q u i d  f i l m s  
were measured a t  ang l es  of  i n c l i n a t i o n  1 ° ,  2 ° ,  3 ° ,  5Q, 10°  1 1 ’ 
and 19°  1 3 ' .  At a ng l e  1 ° ,  t h e  f i l m  t h i c k n e s s  was measured  
a l s o  f rom t h e  i n t e r f e r o g r a m s . The average e x p e r i m e n t a l  f i l m  
t h i c k n e s s e s  as a f u n c t i o n  o f  f i l m  Reynolds number a r e  shown 
i n  F i g . ( 5 . 1 . 7 ) .  I n c l u d e d  i n  the same f i g u r e  f o r  compar ison  
are  t he  cor r es po ndi ng  curves "for t he  N u s s e l t  f i l m  t h i c k n e s s ,  
i . e .  e q u a t i o n  ( 5 . 1 . 5 ) .  The e x p e r i m e n t a l  f i l m  t h i c k n e s s e s  
pr es en ted  are  t h e  averages o f  a s e t  o f  da ta  t ak en  a t  a 
p a r t i c u l a r  f l o w  r a t e  and a ng l e  o f  i n c l i n a t i o n .  E x a mi n a t i on  
o f  F i g  . ( 5 . 1 . 7 )  shows t h a t  N u s s e l t ’ s t h e o r y  agrees r e a s o n a b l y  
w i t h  t he  e x p e r i m e n t a l  v a l u e s .
Many t e c hn i q ue s  have been p r e s en t e d  i n  t he  l i t e r a t u r e  
f o r  t h e  measurement o f  f i l m  t h i c k n e s s e s ,  e . g .  Probe method,  
Photography o f  t he  f l o w i n g  f i l m ,  Weighing t he  channel  and 
f i l m  c o n t i n u o u s l y ,  Dra i nage  t e c h n i q u e  and many o t h e r s .  
P o r t a i s k i  (1 963 )  and (1964)  has di scussed t he  advantages and 
di sa dv a nt a ge s  o f  most o f  the se  t e c h n i q u e s .  At t he  l o we s t  
f l o w  r a t e s  f o r  a l i q u i d  f i l m  f l o w i n g  on a v e r t i c a l  column,  
P o r t a i s k i ’ s . e x p e r i m e n t a l  f i l m  t h i c k n e s s  r e s u l t s  f a l l  w e l l
below t h e  N u s s e l t  l i n e ,  and i t  was deduced t h a t  t he  N u s s e l t  
t h e o r y  cannot  be used f o r  c a l c u l a t i n g  t he  f i l m  t h i c k n e s s .  
However,  t he se  r e s u l t s  a re  not  i n  agreement  w i t h  o t h e r  r e c e n t  
measurements ( F u l f o r d  ( 1 9 6 2 ) ,  M e r r i t t  ( 1 9 6 6 ) ,  and Goodridge  
and G a r t s i d e  ( 1 9 6 5 ) ) ,  which agree w i t h  or  tend towards  
N u s s e l t ’ s l i n e  i n  t he  l a m i n a r  zone.  I t  i s  i m p o r t a n t  to  
ment ion here t h a t  P o r t a i s k i  ( 1 964 )  found t h a t  i n  s te ad y  
l a m i n a r  f l o w  and i n  p s e u d o - l a m i n a r  f l o w  t he  v e l o c i t y  p r o f i l e  
i s  p a r a b o l i c ,  i . e .  as in  N u s s e l t ’ s v e l o c i t y  p r o f i l e  e q u a t i o n .
M e r r i t t  (1966)  o b t a i n e d  a good agreement  between t he  
mean f i l m  t h i c k n e s s  measurements and N u s s e l t ' s  t h e o r y . .  Also  
he examined t he  h o ld - u p  data  o f  F u l f o r d  ( 1 9 6 2 ) ,  which agreed  
w i t h  N u s s e l t ’ s t h e o r y .
I t  i s  f e l t  f rom our  e x p e r i m e n t a l  r e s u l t s ,  and o t h e r  
i n v e s t i g a t o r s ’ work,  t h a t  i t  i s  s a f e  to conclude t h a t  
N u s s e l t ’ s t h e o r y  type  f l o w  e x i s t s  i n  t he  mean, up t o  ang l e  
20°  o f  i n c l i n a t i o n ,  i n  the range o f  f l o w  r a t e  s t u d i e d .  I t  
i s  i m p o r t a n t  t o  s t a t e  t h a t  t he  f i l m  t h i c k n e s s  measurements  
were made a t  p o s i t i o n s  1 4 . 5 ,  4 0 . 0  and 6 8 . 0  cms f rom t h e  
l i q u i d  i n l e t  to  t h e  d i f f u s i o n  c e l l .  No s i g n i f i c a n t  d e v i a t i o n  
i s  observed i n  t he  data  as t h e  d i s t a n c e  f rom t he  i n l e t  i s  
changed,  which i n d i c a t e s  t h a t  t h e  f l o w  i s  f u l l y  deve loped  
b e f o r e  i t  has t r a v e l l e d  1 4 . 5  cms down t he  i n c l i n e d  p l a t e .
This  i s  a l s o  in  agreement  w i t h  F u l f o r d ’ s ( 1962)  i n v e s t i g a t i o n .
I t  i s  e s s e n t i a l  t o  know t h e  f i l m  t h i c k n e s s ,  to s t udy  
t h e  r a t e s  o f  mass t r a n s f e r  i n  t he  f l o w i n g  l i q u i d  f i l m s ,  and 
t o  e x p l a i n  s a t i s f a c t o r i l y  the  r e s u l t s .
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F i g . ( 5 . 1 . 7 )  E x p e r i m e n t a l  measured f i l m  t h i c k n e s s  as a 
f u n c t i o n  o f  f i l m  Reynolds number.
----------------------  T r a v e l l i n g  microscope)  -------------------------------  N u s s e l t j
______________I n t e r f e r o g r a m . Angles o f  i n c l i n a t i o n :  ■ 1° ;
□ 2 ° j  ▼ 3° j  v  5 ° ,  •  1 0 ° 1 1 ’ j O 19 ° 1 3 1 .
5 . 1 . 4 .  C h a r a c t e r i s t i c s  o f  a f l o w i n g  l i q u i d  f i l m
5 . 1 . 4  .1 . Waves
The mechanism of  f l o w i n g  l i q u i d  f i l m s  i s  c l o s e l y  
connected w i t h  t h e  i n t e r f a c i a l  phenomena o f  wave mot ion and 
r i p p l i n g  a p p ea r i ng  q u i t e  n a t u r a l l y  on l i q u i d  f i l m s .  Most  
o f  t h e  i n v e s t i g a t i o n s  were c a r r i e d  out  on a v e r t i c a l  w e t t e d -  
w a l l ,  e . g .  F a l l a h ,  H u n t e r  and Nash ( 1 9 3 4 ) ,  Fr iedman and M i l l e r  
( 1 9 4 1 ) ,  Gr imley  ( 1 9 4 5 ) ,  D u k l e r  and B e r g e l i n  ( 1 9 5 2 ) ,  Thomas 
and P o r t a l s k i  ( 1 9 5 8 ) ,  Binne ( 1 9 5 7 - 5 9 ) ,  D u k l e r  ( 1 9 5 9 ) ,  e t c .
From a l l  t h es e  s t u d i e s  a c o n c l u s i o n  can be drawn about  the  
d i f f i c u l t y  o f  d e t e r m i n i n g  t h e  r e g i o n s  o f  f l o w  ( i . e .  i n  f i l m  
f l o w ,  t h e  r e g i on s  o f  f l o w ,  t h e  l a m i n a r ,  t r a n s i t i o n a l  and 
t u r b u l e n t  zones are  not  w e l l  d e f i n e d  as f o r  t h e  f l o w  o f  
l i q u i d s  i n  f u l l  p i p e s ,  a l s o  a d d i t i o n a l  c o m p l i c a t i o n s  a r i s e  
due t o  the  wave mot ion on t h e  presence of  r i p p l e s  on the  
s u r f a c e  o f  t h e  l i q u i d  a t  q u i t e  low Reynolds n u mb er ) . The 
e x p e r i m e n t a l  v a l ue s  f o r  t he  Reynolds number o f  t r a n s i t i o n  
a re  n o rm a l l y  o b t a i n e d  f rom t h e  breaks which appear  i n  the  
curves o f  the  f i l m  t h i c k n e s s ,  s u r f a c e  v e l o c i t y  o f  f i l m ,  e t c .  
when p l o t t e d  a g a i n s t  Reynolds number.  P o r t a l s k i  ( 1 963 )  
o b t a i n e d  v a lue s  f o r  t h e  Reynolds number o f  t r a n s i t i o n  by 
p l o t t i n g  the  mean f i l m  t h i c k n e s s  a g a i n s t  the  Reynolds number  
of  t he  f i l m  on a l o g - l o g  s c a l e .  He showed t h a t  t h e  mode o f  
f i l m  f l o w  may be d i v i d e d  i n t o :  s te ad y  l a m i n a r ;  p s e u d o - l a m i n a r j  
t r a n s i t i o n a l ;  p s e u d o t u r b u l e n t ; and t u r b u l e n t .  The r e g i o n s  o f  
f l o w  were a l s o  de ter mi ned f rom t h e  r e l a t i o n s h i p  between t he  
depth o f  wave i n c e p t i o n  and Reynolds number ( T a i l b y  and 
P o r t a l s k i  ( 1 962 ) )  .
A f t e r  a c a r e f u l  v i s u a l  o b s e r v a t i o n  o f  t he  f r e e  s u r f a c e ,
t h e  wave p a t t e r n s  may be d e s c r i b e d  q u a l i t a t i v e l y  as f o l l o w s :
-  At v e r y  low f l o w  r a t e s  and low angl es  o f  i n c l i n a t i o n ,  
i . e .  l es s  than 5 ° ,  t h e  f i l m  s u r f a c e  i s  c o m p l e t e l y  smooth 
and m i r r o r - l i k e ;
-  a t  s l i g h t l y  l a r g e r  Reynolds numbers (and i n  a very  
narrow range o f  Reynolds number) ,  s m a l l ,  s y m m e t r i c a l  
r e g u l a r  waves a p pe a r .  The wave f r o n t s  a re  a lmost  
s t r a i g h t  and p e r p e n d i c u l a r  t o  t he  d i r e c t i o n  o f  f l o w ;
-  a t  s t i l l  l a r g e r  f l o w  r a t e s ,  t he  r e g u l a r  s y mm e t r i c a l  
waves tend to  become l es s  r e g u l a r ;
-  as t he  l i q u i d  f l o w  r a t e  i s  i n c r e a s e d ,  a n d / o r  t he  angl e  
o f  i n c l i n a t i o n ,  a s tage  i s  reached where t h e  s u r f a c e  
waves become c o m p l e t e l y  random.
Shown i n  F i g . ( 5 . 1 . 8 )  are  t h r e e  p h ot o g r a p h i c  s t i l l s :
(a )  f o r  smooth m i r r o r - l i k e  f l o w ,  ( c )  f o r  random s u r f a c e  f l o w ,  
and (b)  f o r  a case i n  between.  A number o f  photographs of  
t h i s  type  of  wave p a t t e r n  have been p u b l i s h e d  f o r  v e r t i c a l  
f l o w  by D u k l e r  and B e r g e l i n  (1 952 )  and f o r  an i n c l i n e d  p l ane  
by F u l f o r d  ( 1 9 6 2 ) .
P r ese nt ed  i n  F i g . ( 5 . 1 . 9 )  a re  t h e  e x p e r i m e n t a l  v a l u e s  o f  
t h e  f i l m  Reynolds number a t  which waves were f i r s t  observed  
on t h e  w a t e r  f i l m  as a f u n c t i o n  o f  t he  angl e  o f  i n c l i n a t i o n .  
Also shown on the same graph are  t he  v a l ue s  o b t a i n e d  f rom  
back e x t r a p o l a t i o n  o f  F u l f o r d  (1 962 )  r e s u l t s .  I t  was not  
p o s s i b l e  t o  de t er mi n e  t he  f i l m  Reynolds number a t  which waves 
s t a r t  t o  a ppear  f o r  angl es  h i g h e r  than 4 °  because o f  t he  
break  i n  the  l i q u i d  f i l m s .  This  phenomenon was a l s o  observed  
by M e r r i t t  ( 1 9 6 6 ) ,  and t h i s  b e h a v i o u r  was a t t r i b u t e d  t o t he  
s u r f a c e  t e n s i o n  f o r c e s ,  i . e .  t he  tendency of  t he  l i q u i d  to  
have a minimum shape.
(a)
Smooth s u r f a c e  
f  l o w .
F i l m Reynolds  
number 439 
Angle of  
i n c l i n a t i o n  1°
(b)
I n t e r m e d i a t e  
s t a t e .
F i l m  Reynolds  
number 804 
Angle of  
i n c l i n a t i o n  1°
Ccf
Random wavy 
f l o w .
F i l m  Reynolds  
number 1276 
Angle o f  
i  nc1i  nat  io n 
10 °  1 1 ’
F i g .  ( 5 . 1 . 8 )  Phot ogr aphi c  s t i l l s  o f  the s u r f a c e  of  t he  f l o w i n g  
l i q u i d  f i l m  a t  d i f f e r e n t  f l o w  c o n d i t i o n s
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F i g .  ( 5 . 1 . 9 )  V a r i a t i o n  of  f i l m  Reynolds number f o r  wave 
i n c e p t i o n  w i t h  the angl e  o f  i n c l i n a t i o n .
© V i s u a l  o b s e r v a t i o n ;  O F u l f o r d  ( 1 9 6 2 ) .
The e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t he  pa rameter s  
c h a r a c t e r i s i n g  t h e  wave p a t t e r n  i s  e x t r e m e l y  d i f f i c u l t .  I t  
i s  on l y  i n  t he  l a s t  t h i r t y  y ear s  t h a t  a t t em pt s  have been 
made t o  measure mean w a v e l e n g t h ,  a m p l i t u d e s ,  e t c . ,  e . g .
B i n n i e  ( 1 9 5 9 ) ,  F u l f o r d  ( 1 9 6 2 ) ,  Jepsen ( 1 9 6 4 ) ,  Lu ( 1 9 6 5 ) ,  
M e r r i t t  ( 1 9 6 6 ) ,  I n  s p i t e  o f  t h e  d e t a i l e d  i n v e s t i g a t i o n s  
c a r r i e d  out  by t he  above a u t h o r s ,  F u l f o r d  (1 964 )  i n  h i s  
r e v i e w ,  s t a t e d  t h a t ,  "much work remains t o  be done on t h i s  
aspect  o f  f i l m  f l o w  b e f o r e  i t  w i l l  be p o s s i b l e  t o  c h a r a c t e r i s e  
t h e  wave a m p l i t u d e  b e h a v i o u r  a c c u r a t e l y  f o r  a l l  f i l m  f l o w  
r e g i m e s . ” Also Jepsen ( 1 9 6 4 ) ,  Lu (1 965 )  and M e r r i t t  ( 1 966 )  
were a b l e  t o  measure on l y  t h e  average v a l ue s  because o f  t he  
complex p a t t e r n  o f  w av e l engt hs  and a m p l i t u de s  t h a t  appeared  
on t h e  c a p a c i t o m e t e r  t r a c e s .  M e r r i t t  (1966)  p o i n t e d  out  the  
a v e r a g i n g  p r o p e r t i e s  t h a t  r e s u l t  f rom t he  c a p a c i t o m e t e r  
t e c h n i q u e .  Once wave lengt hs  and wave a m p l i tu d es  can be 
det er mi ne d a c c u r a t e l y ,  i t  may be expected t h a t  a b e t t e r  
un de rs t an d i n g  o f  the  t r a n s f e r  processes o f  wavy f i l m  i n t e r ­
f ac es  w i l l  r e s u l t .  The e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  t he se  
parameters  were suggested f o r  f u t u r e  work.
5 . 1 . 4 . 2 .  S u r fa c e  ar ea  i n c r e a s e  and m ix in g  e f f e c t  
of  s u r f a c e  waves
Since t he  mass t r a n s f e r  can be o b t a i n e d  a c c u r a t e l y  f rom  
t he  i n t e r f a c i a l  a r ea  and a knowledge o f  t he  f i l m  t h i c k n e s s ,  
i t  i s  o f  c o n s i d e r a b l e  impor t ance  t o  de te rmi ne  w h e t h e r  t h e  
i n t e r f a c i a l  waves l ead  t o  an a p p r e c i a b l e  i n c r e a s e  i n  t h e  
i n t e r f a c i a l  area  o f  the  f i l m  o r  n o t .
T a i l b y  and P o r t a l s k i  (1960)  o b t a i n e d  an e x p r e s s i o n  f o r  
t h e  i n c r e a s e  i n  i n t e r f a c i a l  a re a  due t o waves.  They found  
t h a t  t h i s  r e l a t i o n s h i p  p r e d i c t s  an a p p r e c i a b l e  i n c r e a s e  in
i n t e r f a c i a l  a r e a ,  e . g .  150% i n c r e a s e  f o r  a 2 - p r o p a n o l  a t  
Reynolds number = 700 f o r  v e r t i c a l  w e t t e d  p l a t e .  L a t e r  
P o r t a l s k i  and Clegg (1971)  found e x p e r i m e n t a l l y  t h a t  the  
s u r f a c e  ar ea  i n c r e a s e  due’ t o  waves ( r i p p l e s )  i s  s m a l l .
They a l s o  came t o t h e  c o n c l u s i o n  t h a t ,  "The s u r f a c e  area  
i n c r e a s e  i s  s ma l l  a t  a l l  v a lue s  o f  l i q u i d  f l o w  r a t e s  and may 
be r egarded as c o n t r i b u t i n g  only  m a r g i n a l l y  t o t he  observed  
c o n s i d e r a b l e  i n c r e a s e  i n  t h e  r a t e s  of  mass t r a n s f e r  
a s s o c i a t e d  w i t h  a r i p p l e d  f i l m . "
Jepsen ( 1 9 6 4 ) ,  and Jepsen e t  a l  ( 1 966 )  have shown t h a t  
waves in  a f a l l i n g  l i q u i d  f i l m  i n c r e a s e s  the  s u r f a c e  ar ea  
not  more than 2.5% f o r  t h e  f l o w  r a t e  used a t  angl e  o f  
i n c l i n a t i o n  9°  and t h i s  i n c r e a s e  cannot  account  f o r  t he  
i n c r e a s e  i n  mass t r a n s f e r  r a t e s .
I n  g e n e r a l ’ i t  seems t h a t ,  a l t ho u gh  t h e r e  must be a 
measurable  i n c r e a s e  i n  t h e  i n t e r f a c i a l  a rea  o f  a wavy f i l m ,  
t h i s  i s  not  l i k e l y  t o be too i m p o r t a n t  i n  p r a c t i c e .
I t  i s  w e l l  known f rom t h e  l i t e r a t u r e  t h a t  t he  waves 
a p p ea r i ng  a t  t he  s u r f a c e  of  f lowing,  f i l m  lead t o  i n c r e a s e  
i n  t h e  r a t e s  o f  mass t r a n s f e r ,  e . g .  Jepsen e t  a l  ( 1 9 6 6 ) .
The e f f e c t  o f  these  waves on t he  r a t e s  o f  mass t r a n s f e r  w i l l  
be d iscussed in  S e c t i o n  ( 5 . 2 ) .  However,  i t  i s  i m p o r t a n t  t o  
ment ion here t h a t  the  r i p p l e s ,  which were observed by many 
workers  f o r  t h e  case o f  l i q u i d  f l o w i n g  on a v e r t i c a l  w e t t e d  
w a l l  column,  have not  been observed f o r  t h e  case o f  i n c l i n e d  
pl ane  up to angle  20°  and Rep = 2000.  I n s t e a d ,  random 
wavy p a t t e r n s  w i t h  v ig o ro u s  wavy mot ion a t  t he  s u r f a c e  were  
obser ved ,  a t  t h e  h i g h e s t  angles o f  i n c l i n a t i o n  and f l o w  
r a t e s  s t u d i e d .
5 . 1 . 4 . 3 .  S u r fa c e  v e l o c i t i e s  and v e l o c i t y  p r o f i l e s
I n  o r d e r  t o  c a l c u l a t e  t he  r a t e s  of  t h e  mass t r a n s f e r  
process i n  f l o w i n g  l i q u i d  f i l m s ,  a knowledge o f  t h e  s u r f a c e  
v e l o c i t y  and the v e l o c i t y  p r o f i l e s  would be o f  g r e a t  v a l u e .  
U n f o r t u n a t e l y ,  t h e  t h i n n e s s  o f  most l i q u i d  f i l m s  makes i t  
d i f f i c u l t  to  measure t h e  v e l o c i t y  p r o f i l e s  e x p e r i m e n t a l l y .  
However,  a b r i e f  r e v i e w  o f  t he  most i m p o r t a n t  s t u d i e s  i s  
di scussed h e r e .
W i lk es  and Nedderman (1962)  have measured v e l o c i t y  
p r o f i l e s  i n  a f a l l i n g  l i q u i d  f i l m  using a s o p h i s t i c a t e d  
t e c h n i q u e  (an u l t r a m i c r o s c o p e ) .  They have shown t h a t  i n  t he  
smooth l a m i n a r  f l o w  regime the  v e l o c i t y  p r o f i l e s  a r e  i n  v er y  
c l o s e  agreement  w i t h  t h e  p r e d i c t i o n s  of  e q u a t i o n  ( 5 . 1 . 1 ) ,
i . e .  s e m i p a r a b o l i c  v e l o c i t y  d i s t r i b u t i o n .  Also A t k i n s o n  and 
C ar ut h er s  ( 1 9 6 5 ) ,  and Cook and C l a r k  ( 1971)  us ing d i f f e r e n t  
t e c hn i qu e s  c onf i rmed t h a t  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  s e mi ­
p a r a b o l i c  f o r  a r i p p l e - f r e e  l i q u i d  f i l m .  Wi l kes  and 
Nedderman ( 1962)  found,  i n  the  presence o f  waves a t  t h e  f i l m  
s u r f a c e ,  t h a t  t h e  l o c a l  v e l o c i t i e s  s c a t t e r  about  t h e  
t h e o r e t i c a l  c u r v e ,  wh ich ,  however ,  c o nt i n u es  t o  g i v e  an 
e x c e l l e n t  a p p r o x i m a t i o n  to  t h e  t i m e - a v e r a g e d  l o c a l  v e l o c i t i e s .
However,  many o t h e r  workers  measured t he  mean f i l m  
v e l o c i t y  ( f r om t h e  f l o w  r a t e  and mean f i l m  t h i c k n e s s )  and 
t h e  t r u e  s u r f a c e  v e l o c i t y  of  t h e  f i l m .  I f  the r a t i o  o f  t h e  
s u r f a c e  v e l o c i t y  t o t he  mean v e l o c i t y  i s  equal  t o  1 . 5  t h i s  
would be an i n d i c a t i o n  t h a t  t h e  v e l o c i t y  p r o f i l e  i s  s e m i ­
p a r a b o l i c .  P o r t a l s k i  (1 964 )  showed t h a t  the  v a l u e  o f
( u ' / u )  r a t i o  i s  v e r y  c l os e  to t .hat p r e d i c t e d  by N u s s e l t ' ss . . .
t h e o r y  ( 1 9 1 6 ) ,  i . e .  e q ua t io n  ( 5 . 1 . 4 ) ,  r i g h t  up t o t h e  r e g i o n  
of  p s e u d o - t u r b u l e n t  f l o w .  Goodridge and G a r t s i d e  ( 1 9 6 5 ) ,  and
F u l f o r d  (1 962 )  i n v e s t i g a t e d  t h e  same problem f rom l i q u i d  
f l o w i n g  on an i n c l i n e d  p l a n e .  F u l f o r d  ( 1962)  found  
e x p e r i m e n t a l l y  t h a t  ( u g/ u /  r a t i o  i s  n e a r l y  1 . 5  f o r  t he  range  
of  Reynolds number 7 2 0 - 3 0 0 0 .  Also Goodridge and G a r t s i d e  
(1 965 )  c onf i rme d t he s e  r e s u l t s  f o r  t he  e x p e r i m e n t a l  range  
s t u d i e d .
I t  seems, t h e r e f o r e ,  t h a t  t h e  t r u e  s u r f a c e  v e l o c i t y  of  
t h e  f i l m  does not  v a r y  much f rom t h e  t h e o r e t i c a l  v a l u e ,  
i . e .  N u s s e l t  ( 1 9 1 6 ) ,  o v e r  t he  range o f  f l o w  r a t e s  n o r m a l l y  
encount er ed  i n  w e t t e d - w a l l  columns,  i . e .  in  t h e  range o f  
t h i s  s t u d y .
5 . 1 . 4 . 4 .  C o n s i d e r a t i o n  o f  t he  t h e o r e t i c a l  t r e a t m e n t s  o f  
f l o w i n g  l i q u i d  f i l m s
I t  i s  w o r t h w h i l e  c o n s i d e r i n g  t he  main o u t l i n e  o f  
t h e o r e t i c a l  work on t he  wavy s u r f a c e  problem f o r  f u t u r e  work .
S ince N u s s e l t ’ s ( 1916)  c l a s s i c a l  a n a l y s i s ,  many 
i n v e s t i g a t o r s  have been s t u d y i n g  t h e  f l o w  o f  t h i n  f i l m s  o v e r  
i n c l i n e d  p l a n e s .  The p l an e  f l o w  s o l u t i o n  o f  N u s s e l t  (1 916 )  
i s  not  v a l i d  a t  h i g h e r  f l o w  r a t e s  when waves are  g e n e r a t e d  
a t  t h e  f r e e  s u r f a c e .  E x p e r i m e n t a l  i n v e s t i g a t i o n s  and 
t e c h n i q ue s  adopted t o d e te r mi n e  t h es e  c h a r a c t e r i s t i c s  have 
been r ev i ewed a d e q u a t e l y  by F u l f o r d  (1 962 )  and Rushton ( 1 9 6 8 ) .
T h e o r e t i c a l  r e s e a r c h e r s  have a t t em p t e d  t o a n a l y s e  t he  
b e h a v i o u r  o f  wavy f i l m  f l o w  by two approaches:
1.  By s e a r c h i n g  f o r  s teady  p e r i o d i c  s o l u t i o n s  o f  t he
e q u at i o n s  o f  mot io n ,  e . g .  K a p i t s a ,  Rushton
( 1 9 6 8 - 1 9 7 1 ) ,  e t c .
2.  By a p p l y i n g  t he  t h e o r y  o f  hydrodynamic s t a b i l i t y ,
e . g .  B e n j a m i n  ( 1 9 5 7 - 1 9 6 1 ) .
These two approaches have to be examined c a r e f u l l y  i n  
o r d e r  t o  reach a b e t t e r  u n de rs t a n d i n g  o f  t he  wavy s u r f a c e  
problem,  which would he lp  t o i n v e s t i g a t e  and e x p l a i n  t he  
mass t r a n s f e r  t o a wavy f l o w i n g  f i l m .
5 . 2 .  Abs or p t i o n  and d e s o r p t i o n  s tudy
5 . 2 . 1 .  I n t r o d u c t i o n
I n  a w e t t e d  w a l l  column a p p a r a t u s ,  common problems  
which a f f e c t  r e s u l t s  a r e :
(a )  Meniscus and w a l l  e f f e c t s ,  which were d i scussed  
i n  S e c t i o n  ( 5 . 1 ) .
(b)  E n d - e f f e c t s ,  which cause an i n c r e a s e  i n  mass 
t r a n s f e r  due t o  l i q u i d  f i l m  d i s t u r b a n c e s ,  a t  
e n t r a n c e  and e x i t .  At t h e  e n t r a n ce  due t o  an 
a c c e l e r a t i n g  l i q u i d  r e g i o n  and h y d r a u l i c  jump.
At the  e x i t  because o f  h y d r a u l i c  jump,  a l s o  as 
l i q u i d  f a l l s  i n t o  t h e  e x i t  p o o l ,  i t  t r a p s  s m a l l  
bubbles plus t he  m ix in g  e f f e c t  i t  produces.
These e f f e c t s  r e s u l t  i n  an i n c r e a s e  i n  mass t r a n s f e r .
I n  o r d e r  t o  make v a l i d  de duct ions  f rom r e s u l t s  o b t a i n e d  w i t h  
f l o w i n g  l i q u i d  f i l m ,  these  e f f e c t s  must be e l i m i n a t e d .  The 
meniscus and w a l l  e f f e c t s  were s u c c e s s f u l l y  e l i m i n a t e d  as 
e x p l a i n e d  i n  S e c t i o n  ( 5 . 1 ) ,  i . e .  by d i v i d i n g . t h e  e x i t  f l o w .  
A l s o ,  the  e n d - e f f e c t s  were accounted f o r  as w i l l  be 
e x p l a i n e d  i n  t he  next  s u b s e c t i o n .
The amount o f  s o l u t e  t r a n s f e r r e d  was de t er mi ne d by t he  
s t anda r d  t i t r a t i o n  process a n d / o r  by using t h e  r e s i s t i v i t y  
m e t e r  (see Appendix C ) . I t  was dec ided t o  r e p r e s e n t  t h e  
r e s u l t s  as t h e  amount o f  s o l u t e  t r a n s f e r r e d  p e r  u n i t  t i m e ,  
which would he lp  i n  the compar ison,  a l s o  i n ’ d e m o n s t r a t i n g  
t he  e f f e c t  o f  d i f f e r e n t  pa ramet er s  i n v o l v e d ,  e . g .  f l o w  r a t e ,  
angl e  o f  i n c l i n a t i o n ,  c o n t a c t  l e n g t h .
5 . 2 . 2 .  E n d - e f f e c t s  t r e a t m e n t
I t  i s  i m p o r t a n t  a t  t h i s  s t a ge  t o  r e i t e r a t e  t h a t  the  
e x i t  f l o w  f rom the  c e l l  was d i v i d e d  i n t o  t he  c e n t r a l  r e g i o n  
and t h e  two s i d e  meniscus r e g i o n s  i n  o r d e r  to  o b t a i n  the  
t r u e  f i l m  f l o w  r a t e  v a l u e s .  The v a l u e s  o f  the  f i l m  f l o w  
r a t e  were c a l c u l a t e d  f rom t he  measured f l o w  r a t e  across  t h e  
c e n t r a l  s e c t i o n  o f  t h e  c e l l .  The a p p r o p r i a t e  f i l m  Reynolds  
number (Rep) f o r  t h e  c e n t r a l  r e g i o n  i s  used and not  the  
v a l u e  based on t h e  o v e r a l l  l i q u i d  r a t e .  The l a t t e r  would  
l e ad  t o  s e r i o u s  e r r o r s  as t h e r e  a re  meniscus e f f e c t s  and a 
v a r i a t i o n  i n  t h e  v e l o c i t y  p r o f i l e  across t he  c e l l .  Th is  
p o i n t  has been cons id er ed  i n  d e t a i l  i n  s u b s e c t i o n  ( 5 . 1 . 2 )  
where i t  has been shown t h a t  f i l m  and b u l k  f l o w  r a t e  v a l u e s  
ar e  v e r y  d i f f e r e n t  and can l ea d t o  i n c o r r e c t  c on c l u s i o n s  
be ing drawn f rom r e s u l t s ,  i f  the  t r u e  f i l m  f l o w  r a t e  v a l ue s  
o f  the p a r a me t e r  a re  not used.
The r e s u l t s  of  t h e  average amount o f  s o l u t e  t r a n s f e r r e d  
were o b t a i n e d  f o r  t h e  c e n t r a l  r e g i o n  o f  the  c e l l .  I t  was 
decided t h a t  i f  t h e  amount of  s o l u t e  t r a n s f e r r e d  coul d  be 
o b t a i n e d  w i t h  the  e n d - e f f e c t s  e l i m i n a t e d ,  o r  a t  l e a s t  
d r a s t i c a l l y  reduced as much as p o s s i b l e ,  then t h i s  would be 
o f  g r e a t  v a l u e  i n  an a c c u r a t e  i n t e r p r e t a t i o n  o f  r e s u l t s .  As 
an a p p r o x i m a t i o n ,  i t  seems p r ob ab le  f rom o t h e r  worker s  t h a t  
t h e  amount of  s o l u t e  t r a n s f e r r e d ,  due t o e n t r a n c e  e f f e c t s  
w i l l  be s m a l l  compared t o  t he  o v e r a l l  t r a n s f e r  i n  t h e  c e l l .  
This  a p p r o x i m a t i o n  seems t o  be v a l i d ,  s i n c e  a t  t h e  i n l e t  
t he  l i q u i d  i s  i n  an a c c e l e r a t i o n  r e g i o n  and t he  c o n t a c t  
t ime  i s  s m a l l .  T h e r e f o r e ,  work was concerned i n i t i a l l y  
w i t h  e l i m i n a t i o n  or  e v a l u a t i o n  o f  t h e  e x i t  e f f e c t s .
I n  an a t t e m p t  t o  m i n i m i z e  t he  e x i t - e f f e c t s , a perspex  
p l a t e  a c c u r a t e l y  machined was i n t r o d u c e d  i n s i d e  t he  c e l l ,  
which coul d  be r a i s e d  or  lowered by means of  an a d j u s t a b l e  
screw.  The p l a t e  was made t o  f i t  t h e  w i d t h  of  t h e  c e l l ,  
c o v er  t h e  e x i t  chamber,  and extend 8 . 0  cm t o  t h e  i n c l i n e d  
p l a n e .  The a d j u s t a b l e  screw was s i t u a t e d  on t he  l i d  o f  t he  
c e l l .  The i n t e n t i o n  was t o  c ov er  t h e  l i q u i d  s u r f a c e  a t  the  
end o f  t he  c e l l  i n  o r d e r  t o  p r e v e n t  any s o l u t e  t r a n s f e r  i n  
t h i s  r e g i o n .  The w a t e r  f l o w  r a t e  was f i x e d ,  and t h e  l e v e l  
of  w a t e r  i n  t h e  e x i t  chamber was brought  t o  t he  l e v e l  o f  t h e  
l i q u i d  f i l m  i n  an a t t e m p t  t o  p r e v e n t  t he  f a l l  o f  t h e  l i q u i d  
c on se que nt ly  r e du c i n g  t he  e x i t  e f f e c t s .  Then t h e  per spex  
p l a t e  was lowered u n t i l  i t  touched t he  s u r f a c e  of  t h e  l i q u i d  
f i l m ,  but  a shock wave and back r i p p l i n g  waves were observed  
as t h e  f l o w i n g  l i q u i d  f i l m  touched t he  perspex p l a t e .  These  
d i s t u r b a n c e s  produced an i n c r e a s e  i n  s o l u t e  t r a n s f e r  
e q u i v a l e n t  t o  the  e x i t - e f f e c t s , a l s o  i t  was i m p o s s i b l e  t o  use 
t h i s  t e c h n i q u e  in  the presence o f  waves.  I t  was t h e r e f o r e  
decided t o  drop t h i s  method.
A n ot he r  method was t hought  o f ,  which would employ a 
r e s i s t i v i t y  m e t e r  to measure t he  c o n c e n t r a t i o n  o f  t h e  s o l u t e  
i n  t h e  l i q u i d  f i l m  b e f o r e  t he  e x i t - e f f e c t s . These measure­
ments would be p o s s i b l e  by two p l a t i n u m  w i r e s  0 . 5  mm in  
d i a m e t e r  and 10 . 0  t o  2 0 . 0  mm i n  l e n g t h ,  which would a c t  as a 
probe.  This probe would be s i t u a t e d  h o r i z o n t a l l y • on the  
w e t t e d  p l a t e  covered w i t h  t he  f l o w i n g  l i q u i d  f i l m  b e f o r e  t he  
e x i t  chamber.  There are  two f a u l t s  i n  t h i s  method:
( a)  The two w i r e s  would d i s t u r b  t he  l i q u i d  f i l m  which
would i n  t u r n  a f f e c t  t h e  amount o f  s o l u t e  t r a n s f e r r e d .
(b)  S ince t h e  l i q u i d  f i l m  t h i c k n e s s  v a r i e s  f rom 0 . 4  mm 
t o  2 . 5  mm f o r  t h e  cases s t u d i e d ,  and s i n c e  i t  i s  
known t h a t  t he se  v a r i a t i o n s  would a f f e c t  t h e  
measurements w i t h o u t  any change i n  t h e  c o n c e n t r a t i o n  
i n  t h e  l i q u i d  f i l m ,  i t  was i m p o s s i b l e  t o  use such a 
t ec h n i q u e  f o r  e s t i m a t i n g  t he  e x i t - e f f e c t s  .
The method f i n a l l y  used f o r  e s t i m a t i n g  e x p e r i m e n t a l l y  
t he  v a l u e  o f  t he  e n d - e f f e c t s  (both  e n t r a nc e  and e x i t  e f f e c t s )  
was c a r r i e d  out  w i t h  t he  he lp  o f  f o u r  c e l l s  w i t h  d i f f e r e n t  
l e n g t h s .  I n  t h i s  t r e a t m e n t ,  i t  i s  assumed t h a t  t he  amount 
o f  gas absorbed o r  desorbed due t o  e n d - e f f e c t s  i s  t h e  same 
f o r  t he  f o u r  c e l l s  a t  t he  same f i l m  f l o w  r a t e .  Th is  
a p p r o x i m a t i o n  seems t o  be v a l i d  because t he  hydrodynamic  
i n s t a b i l i t y ,  which causes d i s t u r b a n c e s  and c o n se q ue n t l y  
i n c r e a s e s  mass t r a n s f e r ,  a t  t h e  e n t r a n c e  s e c t i o n  o r  t he  e x i t  
are  going to be t h e  same f o r  t he  f o u r  c e l l s ' a t  t h e  same f i l m  
f l o w  r a t e ,  s i n ce  t h e  dimensions f o r  both t he  e n t r a n c e  and 
e x i t  s e c t i o n s  are  t h e  same f o r ’ a l l  c e l l s .  Using t h e  r e s u l t s  
o f  t h e  f o u r  c e l l s  used,  two methods of  c a l c u l a t i o n  were  
f o l l o w e d  i n  d e t e r m i n i n g  t h e  amount o f  s o l u t e  t r a n s f e r r e d  
due t o  e n d - e f f e c t s .  I t  w i l l  be h e l p f u l  a t  t h i s  s t a g e  t o  
d e f i n e  t he  f o l l o w i n g  two t e r m i n o l o g i e s :
-  / P r i m a r y 1 r e f e r s  to t he  amount o f  s o l u t e  t r a n s f e r r e d
on t he  w e t t e d  p l a t e  p l us  t h a t  due t o e n d - e f f e c t s ;
-  ’ Reduced’ r e f e r s  t o t he  amount o f  s o l u t e  t r a n s f e r r e d
on the  w et t e d  p l a t e  o n l y .
Method ( I ) :  Back e x t r a p o l a t i o n
At t he  same f i l m  f l o w  r a t e ,  i f  t h e  amount o f  s o l u t e
t r a n s f e r r e d  p e r  u n i t  t i m e  i s  p l o t t e d  a g a i n s t  t he  l e n g t h  of  
t he  c e l l s ,  then a t  ze ro  l e n g t h ,  i . e .  by back e x t r a p o l a t i o n  
t o  zer o l e n g t h ,  the amount of  s o l u t e  t r a n s f e r r e d  on t he  
p l a t e  should be z e r o .  T h e r e f o r e ,  t h e  amount o f  s o l u t e  
t r a n s f e r r e d  due t o  e n d - e f f e c t s  would be t h e  i n t e r s e c t i o n  a t  
ze ro  l e n g t h ,  a t  t h a t  f i l m  f l o w  r a t e .  The reduced amount o f .  
s o l u t e  t r a n s f e r r e d  coul d be o b t a i n e d  by d i f f e r e n c e .
Method ( I I ) :
The p r im a r y  amount o f  s o l u t e  t r a n s f e r r e d  i s  equa l  t o  
t h e  amount t r a n s f e r r e d  on t he  w e t t e d  p l a t e  plus t h a t  due to  
e n d - e f f e c t s ,  s i nc e  a t  t he  same f i l m  f l o w  r a t e  t h e  amount  
of  s o l u t e  t r a n s f e r r e d  due to e n d - e f f e c t s  i s  t h e  same f o r  
t he  f o u r  c e l l s .  T h e r e f o r e ,  a t  t he  same f i l m  f l o w  r a t e ,  i f  
t h e  amount o f  s o l u t e  t r a n s f e r r e d  f o r  two c o n s e c u t i v e  c e l l s  
i s  s u b t r a c t e d ,  i . e .  second c e l l  f rom f i r s t ,  t h i r d  c e l l  f rom  
second,  and f o u r t h  c e l l  f rom t h i r d ,  the  r e s u l t s  would be the  
amount o f  s o l u t e  t r a n s f e r r e d  on t he  ' t r u e - p l a n e ' ,  where  
l e n g t h  i s  t he  d i f f e r e n c e ,  as d i s t i n c t  f rom e n d - e f f e c t s .  By 
t h e  s u b t r a c t i o n  method the  e n d - e f f e c t s  would be e l i m i n a t e d .
Complete d e t a i l e d  c a l c u l a t i o n s  f o r  e l i m i n a t i n g  t h e  end-  
e f f e c t s ,  and o b t a i n i n g  t h e  reduced amount o f  s o l u t e  
t r a n s f e r r e d  f o l l o w i n g  Methods ( I )  and ( I I ) ,  a r e  g i ve n i n  
Appendix B,
P r ese nt ed  i n  F i g s . ( 5 . 2 . 1 )  t o ( 5 . 2 . 7 )  a re  t h e  r e s u l t s  o f  
t he  e n d - e f f e c t s  t r e a t m e n t  f o r  a l l  cases s t u d i e d .  I t  i s  c l e a r  
t h a t  t he  e n d - e f f e c t s  g r e a t l y  a f f e c t  t h e  r e s u l t s  on t he  w e t t e d  
p l a t e .  T h e r e f o r e ,  t h e  p r i m a r y  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  
f o r  t he  i n c l i n e d  w e t t e d  p l a t e  a re  not  a c c e p t a b l e  f o r  the  
ana l ys es  of  the a p p l i c a b i l i t y  o f  a t h e o r e t i c a l  model as i t
Am
ou
nt
 
of 
so
lu
te
 
ab
so
rb
ed
 
pe
r 
un
it
 
tim
e 
x 
10
6 
(g
m
o
l/
se
c)
20
15
10
5
0
500300 4000 200100
F i l m  f l o w  r a t e  ( c c / m i n )
F i g . ( 5 . 2 . 1 )  A b s o r p t i o n :  Amount o f  s o l u t e  absorbed p e r  u n i t  
t ime  as a f u n c t i o n  of  t he  f i l m  f l o w  r a t e .  Angle o f  
i n c l i n a t i o n  1 0 j c o n t a c t  l e n g t h  = 9 2 . 0  cmi 
□ P r i m a r y i + Reduced j o E n d - e f f e c t s
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F i g . ( 5 . 2 . 2 )  D e s o r p t i o n :  Amount of  s o l u t e  desorbed p er  u n i t  
t ime  as a f u n c t i o n  o f  t he  f i l m  f l o w  r a t e .  Angle o f  
i n c l i n a t i o n  1°> Contact  l e n g t h  = 9 2 . 0  cmj □ Pr imary?  
•FReducedj o  E n d - e f f e c t s .
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F i g . ( 5 . 2 . 3 )  D e s o r p t i o n :  Amount o f  s o l u t e  desorbed p e r  u n i t  
t ime  as a f u n c t i o n  o f  t h e  f i l m  f l o w  r a t e .  Angle of  
i n c l i n a t i o n  2 ° j  Contact  l e ng t h  = 9 2 . 0  cmj □ P r i m a r y ;  
f R e d u c e d ;  o E n d - e f f e c t s .
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F i g . ( 5 . 2 . 4 )  D e s o r p t i o n :  Amount o f  s o l u t e  desorbed p e r  u n i t  
t ime  as a f u n c t i o n  o f  the f i l m  f l o w  r a t e .  Angle o f  
i n c l i n a t i o n  3 ° j  Contact  l e n g t h  = 9 2 . 0  cmj □ P r i m a r y ;  
f R e d u c e d j  O E n d - e f f e c t s .
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F i g . ( 5 . 2 . 5 )  D e s o r p t i o n :  Amount o f  s o l u t e  desorbed p e r  u n i t  
t ime  as a f u n c t i o n  o f  the f i l m  f l o w  r a t e . ' Angle o f  
i n c l i n a t i o n  5 ° )  Contact  l e n g t h  = 9 2 . 0  cmj □ P r i m a r y j  
-♦-Reduced) O E n d - e f f e c t s .
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F i g . ( 5 . 2 . 6 )  D e s o r p t i o n :  Amount of  s o l u t e  desorbed pe r  u n i t  
t ime  as a f u n c t i o n  o f  the  f i l m  f l o w  r a t e .  Angle of  
i n c l i n a t i o n  10° 1 1 ' j Contact  l e n g t h  = 9 2 . 0  cmj □ P r i m a r y ;  
•t-Reducedj O E n d - e f f e c t s  .
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F i g . ( 5 . 2 . 7 )  D e s o r p t i o n :  Amount of  s o l u t e  desorbed p e r  u n i t  
t ime  as a f u n c t i o n  o f  the  f i l m  f l o w  r a t e .  Angle o f  
i n c l i n a t i o n  19° 1 3'\ Cont act  l e ng t h  = 9 2 . 0  cm> □ P r i m a r y  * 
+ Reduced) O E n d - e f f e c t s .
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could l ea d  t o  m i s l e a d i n g  i n t e r p r e t a t i o n s .
Also shown i n  Tab l e  ( 5 . 2 . 1 )  i s  t he  amount o f  s o l u t e  
desorbed p er  u n i t  t ime  due t o  e n d - e f f e c t s  f o r  a l l  cases  
s t u d i e d .  I t  can be seen t h a t  t he  c o n t r i b u t i o n  o f  t he  end-  
e f f e c t s  i n c r e a s e s  w i t h  t he  i n c r e a s e  i n  t h e  f i l m  f l o w  r a t e  o r  
a ng l e  o f  i n c l i n a t i o n  . ■ . .This t r e n d  was e x p ec te d ,  s i n c e ,  as 
t he  f i l m  f l o w  r a t e  o r  ang l e  of  i n c l i n a t i o n  i n c r e a s e s ,  the  
m ix in g  i n  t h e  e x i t  chamber would be more and c o n se qu en t l y  
t he  amount o f  s o l u t e  desorbed would i n c r e a s e .
The reason f o r  o b t a i n i n g  t he  reduced r e s u l t s  f o r  the  
s o l u t e  t r a n s f e r r e d ,  i . e .  t h e  amount o f  s o l u t e  t r a n s f e r r e d  on 
t he  w et t e d  p l a t e ,  i s  t w o f o l d ;  f i r s t l y  f o r  compar ison w i t h  
t he  t h e o r e t i c a l  p r e d i c t i o n s ,  and secondl y  t o compare w i t h  
r e s u l t s  o b t a i n e d  by o p t i c a l  i n t e r f e r e n c e  method,  i n  o r d e r  
t o  o b t a i n  an u n de rs t a n d i n g  o f  t he  t r a n s f e r  phenomena 
o c c u r r i n g  i n  t he  l i q u i d .
5 . 2 . 3 .  P r e s e n t a t i o n  and e v a l u a t i o n  o f  a b s o r p t i o n  r e s u l t s
The p r i m a r y ,  reduced,  and t h e o r e t i c a l  p r e d i c t i o n s  o f  
Model ( I )  and ( I I )  (see C ha pt e r  2) o f  t h e  amount o f  s o l u t e  
absorbed p er  u n i t  t ime  as a f u n c t i o n  o f  t he  f i l m  Reynolds  
number, are  shown i n  F i g . ( 5 . 2 . 8 ) .  I n  t h e  same F i g u r e ,  t he  
r e s u l t s  o b t a i n e d  by t he  o p t i c a l  t e c h n i q u e  are  a l s o  shown 
f o r  compar ison.  The r e s u l t s  o f  t h e  o p t i c a l  s tudy o f  t he  
mass t r a n s f e r  process are  pr e se nt ed  i n  S e c t i o n  ( 5 . 3 )  as a 
complete u n i t .
I t  can be seen t h a t  both t h e o r e t i c a l  Models ( I )  and 
( I I )  p r e d i c t  a p p r o x i m a t e l y  t he  same r e s u l t s ,  i n  p a r t i c u l a r  
the  f o u r t h  o r d e r  p o l y n o m i a l  a p p r o x i m a t i o n  o f  Model ( I I )  and 
Model ( I ) ,  in  s p i t e  o f  t he  f a c t  t h a t  Model ( I )  was based
g e n e r a l l y  on a s i mp le  p e n e t r a t i o n  t h e o r y  and Model ( I I )  was 
based on the f i l m  t h e o r y .  A l s o ,  i t  i s  c l e a r  t h a t  t he  
pr i m a r y  r e s u l t s ,  which i n c l u d e  the  e n d - e f f e c t s ,  a re  n e a r l y  
i n  agreement  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  But  t he  
reduced r e s u l t s ,  which are  t h e  t r u e  v a lu es  o f  t he  p a r a m e t e r ,  
are  l o we r  than t h e  t h e o r e t i c a l  p r e d i c t i o n s .
The d e v i a t i o n  of  t h e  reduced r e s u l t s  f rom t h e  t h e o r e t i c a l  
p r e d i c t e d  v a lu es  i s  not  v e r y  s u r p r i s i n g ,  s i n ce  both Models
( I )  and ( I I )  were d e r i v e d  assuming t h a t  t h e r e  was no s u r f a c e  
r e s i s t a n c e .  Thomas, Khanna and Pa lmer  ( 1972)  have shown,  
using s i m i l a r  t e c h n i q u e s  t o  those employed i n  t h i s  s t u d y ,  
t h a t  f o r  t he  a b s o r p t i o n  o f  carbon d i o x i d e  i n  s t a t i c  w a t e r  
pools  t h e r e  e x i s t s  a s u r f a c e  r e s i s t a n c e  o f  s i g n i f i c a n t  
magni t ude .  A ls o,  i t  w i l l  be shown i n  t he  next  s e c t i o n  t h a t  
t h e r e  i s  an a p p r e c i a b l e  s u r f a c e  r e s i s t a n c e  to mass t r a n s f e r  
i n  the  i n c l i n e d  f l o w i n g  l i q u i d  a b s o r p t i o n  s t u d i e s .  I t  i s  
a l s o  demonst ra ted here  t h a t  t he  p r i m a r y  r e s u l t s  are  m i s l e a d i n g  
and c o u l d . l e a d  t o  i n c o r r e c t  c on c l u s i o n s  being drawn f rom  
r e s u l t s ,  i f  t he  ' t r u e '  reduced r e s u l t s  a re  not  used.
I t  Pan be seen a l s o  t h a t  t he  o p t i c a l  r e s u l t s  a r e  l o w e r  
than t h e  reduced e x p e r i m e n t a l  v a l u e s .  Th i s  d i f f e r e n c e  
between the  reduced and o p t i c a l  r e s u l t s  can be a t t r i b u t e d  t o  
the  eddy t r a n s f e r ,  i . e .  c o n v e c t i v e  d i s t u r b a n c e s .  Thomas e t  
a l  ( 1972)  and ( 1973)  demonst ra ted t he  e x i s t a n c e  o f  t h e s e  
c o n v e c t i v e  d i s t u r b a n c e s  f o r  a b s o r p t i o n  gases i n  s t a t i c  w a t e r  
p o o l s .  These eddies  o r  c o n v e c t i v e  d i s t u r b a n c e s  a re  p r e s e n t  
due t o  s u r f a c e  i n s t a b i l i t y  c r e a t e d  by d e n s i t y  d i f f e r e n c e s  
a n d / o r  change i n  s u r f a c e  t e n s i o n  f o r  carbon d i o x i d e  
a b s o r p t i o n ,  and t h e i r  e f f e c t  would be to t r a n s f e r  t h e  s o l u t e  
deep i n t o  the  l i q u i d  f i l m  and the b u l k  c o n c e n t r a t i o n  would
be i n c r e a s e d .  As a r e s u l t  o f  i n c r e a s i n g  t he  b u l k  concen­
t r a t i o n ,  t he  c o n c e n t r a t i o n  g r a d i e n t  n ea r  t he  i n t e r f a c e  i n  
t h e  l i q u i d  f i l m  would be s m a l l e r  than i f  t h e r e  were no e d d i e s .  
C ons equent ly ,  as the  o p t i c a l  t e c h n i q u e  measures on l y  the  
c o n c e n t r a t i o n  g r a d i e n t ,  t he  o p t i c a l  r e s u l t s  as such would be 
l e s s  than the  t r u e  v a l u e .
Th is  d i f f e r e n c e  between t h e  ’ t r u e ’ reduced v a l u e s  and 
o p t i c a l  r e s u l t s  demonst ra t es  t h e  e x i s t a n c e  o f  t he s e  
c o n v e c t i v e  d i s t u r b a n c e s ,  which w i l l  be d i scussed i n  g r e a t e r  
d e t a i l  i n  S e c t i o n  ( 5 . 3 ) .  Also i t  demonst ra tes  t h a t  mass 
t r a n s f e r  occurs not  on ly  by m o l e c u l a r  d i f f u s i o n ,  but  a l s o  by 
the se  c o n v e c t i v e  d i s t u r b a n c e s .
A c l e a r  t r e n d  o f  i n c r e a s i n g  t he  amount o f  s o l u t e  
absorbed p er  u n i t  t ime  as the  f i l m  Reynolds number i n c r e a s e s  
i s  shown i n  F i g . ( 5 . 2 . 8 ) .  T h is  b e h a v i o u r  o r  t r e n d  c ou l d  be 
e x p l a i n e d  i n  t h e  l i g h t  o f  t h e  f o l l o w i n g  p o i n t s :
-  At ang l e  o f  i n c l i n a t i o n  1.°, as t h e  Reynolds number  
i ncreases ' ,  t h e  amount o f  s o l u t e  absorbed decreases!  
( e x p e r i m e n t a l  measurements) ,  which would be e x pe ct ed  t o  
r e s u l t  i n  i n c r e a s i n g  t he  d r i v i n g  f o r c e  f o r  a b s o r p t i o n  
and c o ns eque nt ly  i n c r e a s i n g  t he  amount o f  s o l u t e  
absorbed p e r  u n i t  t i m e .
- Also as t he  f i l m  Reynolds number i n c r e a s e s ,  t he  
i n t e r a c t i o n  between t he  a d j a c e n t  l a y e r s  i n  t he  l i q u i d  
f i l m  would be more,  which would he lp  i n  t r a n s f e r r i n g  
t h e  s o l u t e  f a s t e r  t o  t h e  b u l k  o f  t he  l i q u i d .
-  Also i t  i s  observed t h a t  the  l i q u i ' d  f i l m  ceases t o be 
smooth a f t e r  Rep = 2 1 0 . 0  a t  a n g l e  1 ° ,  and waves s t a r t  
t o  appe ar ,  which r e s u l t s  i n  moving t he  s u r f a c e  up and 
down, and d ev e l op i ng  p e r t u r b a t i o n s  pr opagat ed  by wave
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F i g .  ( 5 . 2 . 8 )  P r i m a r y ,  Reduced,  O p t i c a l  and T h e o r e t i c a l  p r e d i c t i o n s  
o f  the  amount o f  s o l u t e  absorbed p er  u n i t  t ime as a f u n c t i o n  o f  
the f i l m  Reynolds number. Angle o f  i n c l i n a t i o n  1 ° ;  □ P r i m a r y ;
-f- Reduced; A O p t i c a l  r e s u l t S j  ft Model ( I )  p r e d i c t i o n s  
and Model ( I I )  p r e d i c t i o n s  ( V 4th  Or der  P o l y n om a i l  AppP;
O 3rd Order  Po l yn o mi a l  Appn ; ■ 2nd Order  P o l y n o m i a l  Appn ) .
m ot io n.  These p e r t u r b a t i o n s  would enhance t he  s o l u t e  
t r a n s f e r  and t h e i r  e f f e c t  would i n c r e a s e  as t h e  f i l m  Reynolds  
number i n c r e a s e s ,  i . e .  as t he  waves become more pronounced.
5 . 2 . 4 .  P r e s e n t a t i o n  and e v a l u a t i o n  of  d e s o r p t i o n  r e s u l t s
The p r i m a r y ,  reduced,  and t h e o r e t i c a l  p r e d i c t i o n s  of  
t h e  amount o f  s o l u t e  desorbed p e r  u n i t  t ime  as a f u n c t i o n  o f  
the f i l m  Reynolds number a re  p re s en t ed  in  F i g s . ( 5 . 2 . 9 )  t o  
( 5 . 2 . 1 4 ) .  The o p t i c a l  r e s u l t s  are not  shown h e r e ,  because  
o f  t h e  d e f l e c t i o n  phenomena, which w i l l  be d i sc us se d in  
d e t a i l  i n  s u b s e c t i o n  ( 5 . 3 . 4 ) ( 1 ) .  A l s o ,  s i n c e  i t  has been 
demonst ra ted t h a t  t he  p r i m a r y  e x p e r i m e n t a l  r e s u l t s  do not  
g i v e  t he  t r u e  v a lu es  o f  t he  mass t r a n s f e r  r a t e s  on t he  p l a t e ,  
then only  the  ’ r e d u c e d ’ e x p e r i m e n t a l  r e s u l t s  and t he  
t h e o r e t i c a l  p r e d i c t i o n s ,  which a r e  t he  t r u e  v a l u e s  o f  t h e  
p a r a m e t e r ,  are  c ons id er ed  h e r e .
I t  can be seen t h a t  the t h e o r e t i c a l  p r e d i c t i o n s  are  
g r e a t e r  than t he  reduced v a lu e s  f o r  ang l es  1G, 2 ° ,  3 ° ,  5°  
and 10° 1 1 ’ . At ang l e  19°  1 3 ’ , t he  t h e o r e t i c a l  v a l u e s  a r e  
g r e a t e r  than t he  reduced e x p e r i m e n t a l  r e s u l t s  up t o  a f i l m  
Reynolds number o f  1000,  a f t e r  which t h e  reduced v a l ue s  
become more than t he  t h e o r e t i c a l  p r e d i c t i o n s .
I t  i s  c l e a r  t h a t  both Models ( I )  and ( I I )  p r e d i c t e d  
a p p r o x i m a t e l y  the  same v a lu es  f o r  t h e  amount o f  s o l u t e  
desorbed p e r  u n i t  t i m e ,  a l t ho u gh  t he  f i r s t  was based on a 
s imple  p e n e t r a t i o n  model ,  w h i l e  the second was based on t h e  
f i l m  model .  Th is  may be because t he y  were both d e r i v e d  
assuming t h a t  t h e r e  was no s u r f a c e  r e s i s t a n c e  and t h a t  t h e  
d e s o r p t i o n  process occ ur red  on l y  by m o l e c u l a r  d i f f u s i o n .  
Presented,  i n  F i g . ( 5 . 2 . 1 6 )  are  the  t h e o r e t i c a l  p r e d i c t i o n s
f o r  a l l  cases s t u d i e d ,  which show t h a t  both Models ( I )  and
( I I )  p r e d i c t  a p p r o x i m a t e l y  t h e  same v a l u e s ,  and t h a t  the  
t h e o r e t i c a l  amount o f  s o l u t e  desorbed p e r  u n i t  t ime  i n c r e a s e s  
w i t h  t he  i n c r e a s e  o f  t h e  f i l m  Reynolds number a n d / o r  angl e  
o f  i n c l i n a t i o n .
The d e v i a t i o n  o f  t he  reduced e x p e r i m e n t a l  r e s u l t s  f rom  
t h e  t h e o r e t i c a l  p r e d i c t i o n s  could be a t t r i b u t e d  t o both t he  
s u r f a c e  r e s i s t a n c e  and the mechanism by which s o l u t e s  desorb,
i . e .  i t  i s  not  a s impl e  m o l e c u l a r  d i f f u s i o n  p r oc es s.  Thomas 
and Ray ( 1975)  have shown t h a t  f o r  d e s o r p t i o n  o f  C02 f rom a 
s t a t i c  w a t e r  p o o l ,  t h e r e  e x i s t s  a s u r f a c e  r e s i s t a n c e  of  
s i g n i f i c a n t  magni t ude .  I t  i s  shown i n  F i g s . ( 5  .2 .15 )  and 
( 5 . 2 . 1 7 )  t h a t  the  ' r e d u c e d 1 amount o f  s o l u t e  desorbed  
in c r e a s e s  as t h e  f i l m  Reynolds number a n d / o r  a n g l e  o f  
i n c l i n a t i o n  i n c r e a s e s .  Th i s  b e h a v i o u r  was expect ed because:
( 1 )  a t  t h e  s p e c i f i c  angle  of  i n c l i n a t i o n  s t u d i e d ,  as t he  
f i l m  Reynolds number i n c r e a s e s , t he  amount o f  s o l u t e  
desorbed ( e x p e r i m e n t a l  measurements -  T ab l e  ( 5 . 2 . 2 ) )  
becomes l e s s ,  which would be e xpect ed  to r e s u l t  i n  
h i g h e r  d r i v i n g  f o r c e  f o r  d e s o r p t i o n  and c on se q u e n t l y  
i n c r e a s e  t h e  amount o f  s o l u t e  desorbed p e r  u n i t  t i m e ;
( 2)  a l s o ,  as t h e  f i l m  Reynolds number a n d / o r  a ng l e  o f  
i n c l i n a t i o n  i n c r e a s e ,  t h e  i n t e r a c t i o n  between t he  
a d j a c e n t  l a y e r s  in  t h e  l i q u i d  f i l m  would be more,  which  
would r e s u l t  in  i n c r e a s i n g  t h e  eddy d i f f u s i v i t y ,  i . e .  
t r a n s f e r r i n g  t h e  s o l u t e  f a s t e r  t o  the  i n t e r f a c e ,  which  
i n  t u r n  would i n c r e a s e  the  amount o f  s o l u t e  desorbed  
p e r  u n i t  t i m e .
(3 )  a t  a ng l e  1°  and below Rep = 210,  a smooth s u r f a c e  f l o w  
i s  obser ved,  and as t h e  ang l e  o f  i n c l i n a t i o n  i n c r e a s e s ,  
t he  range o f  f i l m  Reynolds number a t  which a smooth 
s u r f a c e  f l o w  i s  o b t a i n a b l e  becomes n a r r o w e r .  At angl e  
4 ° ,  a smooth s u r f a c e  f l o w  i s  u n o b t a i n a b l e  and waves 
a p p ea r .  They have a p e r i o d i c  n a t u r e  i n i t i a l l y ,  i n  a 
v e ry  narrow range o f  f i l m  Reynolds number Rep, a f t e r  
which they  have a random n a t u r e .  I t  i s  suspect ed  t h a t  
t h es e  waves pr opagat e  t h e i r  own p e r t u r b a t i o n s  which  
would t r a n s f e r  s o l u t e  f a s t e r  t o  t h e  i n t e r f a c e  and 
enhance t he  amount o f  s o l u t e  desorbed p e r  u n i t  t i m e .
The e f f e c t  o f  t he se  t h r e e  f a c t o r s  i s  summarised i n  
Tab l e  ( 5 . 2 . 2 ) ,  where i t  i s  c l e a r  t h a t  the  ’ r e d u c e d ’ amount  
of  s o l u t e  desorbed p er  u n i t  t ime  as a pe rc en t ag e  o f  Model  ( I )  
p r e d i c t i o n s  i n c r e a s e s  as t he  angl e  o f  i n c l i n a t i o n  a n d / o r  f i l m  
Reynolds number i n c r e a s e s .
To r e i t e r a t e  a p r e v i ou s  s t a t e m e n t ,  the  d i sa gr e em en t  
between t he  r e s u l t s  o f  t h i s  s tudy and t he  p e n e t r a t i o n  o r  
f i l m - t y p e  t h e o r i e s  i s  a t t r i b u t e d  t o  t he  presence o f  t h e  
s u r f a c e  r e s i s t a n c e  (which w i l l  be d iscussed i n  d e t a i l  i n  t h e  
next  S e c t i o n  ( 5 . 3 ) ) .  Also the  e x i s t a n c e  o f  p e r t u r b a t i o n s  
pr opagated  by t h e  i n t e r a c t i o n  between t h e  a d j a c e n t  l a y e r s  i n  
the  l i q u i d  f i l m  o r  by waves a f f e c t  t h e  t r a n s f e r  p r o c e s s .
Al though i t  i s  not r e l a t i v e  t o  the  immediate  d i s c u s s i o n ,  
out  o f  i n t e r e s t  t h e  l a s t  two columns i n  T ab l e  ( 5 . 2 . 2 )  show 
t h e  c o n t a c t  t i me  between g a s / l i q u i d  and t he  t o t a l  amount  
desorbed.
5 . 2 . 5 .  Comparison between a b s o r p t i o n  and d e s o r p t i o n
P r ese nt ed  i n  F i g . ( 5 . 2 . 1 8 )  a re  the  reduced,  p r i m a r y  and
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F i g . ( 5 . 2 . 9 )  P r i m a r y ,  Reduced and T h e o r e t i c a l  p r e d i c t i o n s  o f  
t he  amount o f  s o l u t e  desorbed p e r  u n i t  t ime  as a f u n c t i o n  o f  
the f i l m  Reynolds number. Angle of  i n c l i n a t i o n  1° ;
□ P r i m a r y ;  + Reduced; • M o d e l  ( I )  p r e d i c t i o n s  and
Model ( I I )  p r e d i c t i o n s  ( v  4 th  Order  P o l yn o mi a l  AppP;
O 3rd Order  Po l yn omi a l  AppP; B 2nd Or der  P o l y n o m i a l  Appn ) .
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F i g . ( 5 . 2 . 1 0 )  P r i m a r y ,  Reduced and T h e o r e t i c a l  p r e d i c t i o n s  o f  
t he  amount o f  s o l u t e  desorbed p e r  u n i t  t ime as a' f u n c t i o n  o f  
t he  f i l m  Reynolds number.  Angle o f  i n c l i n a t i o n  2 ° .
□ P r i m a r y j  +  Reduced) • M o d e l  ( I )  p r e d i c t i o n s  and
Model ( I I )  p r e d i c t i o n s  ( v  4 th  Or der  Po l yn o mi a l  AppP;
O 3rd Order  P o l yn om ia l  Ap p P j H 2nd Order  P o l y n o m i a l  A p p n )
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F i g . ( 5 . 2 . 1 1 )  P r i m a r y ,  Reduced and T h e o r e t i c a l  p r e d i c t i o n s  o f  
t h e  amount of  s o l u t e  desorbed p e r  u n i t  t ime as a f u n c t i o n  o f  
t he  f i l m  Reynolds number.  Angle o f  i n c l i n a t i o n  3 ° j
□ P r i m a r y ;  -FReducedj  Q Model ( I )  p r e d i c t i o n s  and
Model ( I I )  p r e d i c t i o n s  ( v  4 t h Or der  P o l yn o mi a l  Appn ;
0-3rd Order  Po l yn omi a l  Appn ; B 2nd Or der  P o l y n o m i a l  Appn )
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F i g . ( 5 . 2 . 1 2 )  P r i m a r y ,  Reduced and T h e o r e t i c a l  p r e d i c t i o n s  o f  
t h e  amount o f  s o l u t e  desorbed p e r  u n i t  t ime  aS' a f u n c t i o n  o f  
the f i l m  Reynolds number. Angle o f  i n c l i n a t i o n  5 ° .
□ P r i m a r y j  +  Reduced; e Model'  ( I )  p r e d i c t i o n s  and
Model ( I I )  p r e d i c t i o n s  ( V 4th  Or der  P o l y n om i a l  AppPj 
0 3 r d  Or der  Po l yn o mi a l  Appn) .
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F i g . ( 5 . 2 . 1 3 )  P r i m a r y /  Reduced and T h e o r e t i c a l  p r e d i c t i o n s  o f  
t he  amount o f  s o l u t e  desorbed p e r  u n i t  t ime  as a f u n c t i o n  o f  
t he  f i l m  Reynolds number. Angle o f  i n c l i n a t i o n  10° 1 1 ’ .
□ P r i m a r y *  4  Reduced; $  Model ( I )  p r e d i c t i o n s  and '
Model ( I I )  p r e d i c t i o n s  ( V Or der  Po l yn o mi a l  AppPj 
0 3 rd Or de r  Po l yn omi a l  Appn) .
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F i g . ( 5 . 2 . 1 4 )  P r i m a r y ,  Reduced and T h e o r e t i c a l  p r e d i c t i o n s  o f  
t he  amount of  s o l u t e  desorbed pe r  u n i t  t ime  as a f u n c t i o n  o f  
t he  f i l m  Reynolds number. Angle o f  i n c l i n a t i o n  19u 1 3 ' ;
□ P r i m a r y ;  +  Reducedj  Q  Model ( I )  p r e d i c t i o n s  and
Model ( I I )  p r e d i c t i o n s  ( v  4 t h Order  P o l yn o mi a l  Appn ;
0 3 r d  Order  Po l ynomi a l  Appn ) .
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F i g . ( 5 . 2 . 1 5 )  Reduced amount o f  s o l u t e  desorbed p er  u n i t  
t ime as a f u n c t i o n  o f  the  f i l m  Reynolds number f o r  a l l  
angles  o f  i n c l i n a t i o n  s t u d i e d .  D l ° j  ▼ 2 ° j  v  3 ° j  
B 5 ° I O 10° 1 1 ' )  •  19°  13'  .
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F ig . ( 5 .2 .1 6 )  T h e o r e t ic a l p r e d ic t io n s  o f  th e  am ount o f  s o lu te  
desorbed  p e r  u n i t  t im e  as a fu n c t io n  o f  th e  f i l m  R eyn o lds  
number f o r  a l l  a n g le s  o f  i n c l i n a t io n  s tu d ie d .  □  1 ° ,
▼  2 ° ,  V  3 ° j  ■  5 ° ,  O 1 0 °  11 ’  j  * 1 9 °  1 3 ' .
   Model ( I ) ___
M° d e i  (1IJ
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F i g . ( 5 . 2 . 1 7 )  Reduced amount of  s o l u t e  desorbed p e r  u n i t  
t ime  as a f u n c t i o n  o f  the angl e  of  i n c l i n a t i o n .
F i lm  Reynolds number: •  1 5 3 . 1 ;  0 2 5 5 . 1 ;  B 5 1 0 . 3 ;
□ 7 6 5 . 4 ;  v 1 0 2 0 . 5 ,  v  1 2 7 5 . 7 .
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t h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  amount o f  s o l u t e  desorbed  
and absorbed p e r  u n i t  t ime as a f u n c t i o n  o f  t h e  f i l m  Reynolds  
number a t  ang l e  1 ° .  I t  can be seen t h a t  as t he  t h e o r e t i c a l  
models f o r  a b s o r p t i o n  and d e s o r p t i o n  l ea d t o  i d e n t i c a l  
c u r v e s ,  on l y  one curve i s  shown f o r  both cases as a s o l i d  
l i n e .  The d i r e c t i o n  o f  mass t r a n s f e r  o f  s o l u t e  in  each case 
i s  o p p o s i t e  and,  i n  t h i s  sense,  t he  r e s u l t s  f o r  a b s o r p t i o n  
and d e s o r p t i o n  based on t h e o r e t i c a l  models suggest  t h a t  the y  
a re  ' m i r r o r  i m a g e s ’ . Th is  i s  t o  be expect ed as t h e i r  
assumed mechanisms,  t h e  mode o f  d i f f u s i o n ,  t h e  absence o f  
s u r f a c e  r e s i s t a n c e ,  and t h e  m a t h e m a t i c a l  f o r m u l a t i o n s  are  
t h e  same. I n  f a c t  t h i s  i s  not  so i n  p r a c t i c e ,  and t h e  models  
need t o  be m o d i f i e d  t o  t a k e  account  o f  d i f f e r e n c e s  deduced 
f rom t h e  p r e s e n t  work .  The d i f f e r e n c e  between t he  
e x p e r i m e n t a l  r e s u l t s  f o r  d e s o r p t i o n  and a b s o r p t i o n  demon­
s t r a t e  t h a t  t h e se  two processes are  not  ' m i r r o r  i m a g e s ’ . 
Emmert and P i g f o r d  (1 954 )  found t h a t  a b s o r p t i o n  r e s u l t s  were  
h i g h e r  than d e s o r p t i o n  r e s u l t s  f o r  t h e  C02~water  system.  .
They suspected t h a t  t h i s  d i f f e r e n c e  could be due t o  i n t e r ­
f a c i a l  r e s i s t a n c e ,  and no o t h e r  reasons were g i ve n  f o r  t h i s  
d i f f e r e n c e .  I t  has been shown by Thomas, Khanna and Pa lmer  
(1 972 )  t h a t  f o r  t he  a b s o r p t i o n  o f  carbon d i o x i d e  i n  s t a t i c  
w a t e r  pools t h e r e  e x i s t s  a s u r f a c e  r e s i s t a n c e  o f  s i g n i f i c a n t  
magni t ude ,  and in  a d d i t i o n  buoyancy d r i v e n  c o n v e c t i v e  
d i s t u r b a n c e s  e x i s t .  The presence o f  t hese  c o n v e c t i v e  
d i s t u r b a n c e s  has been demonst rated i n  s u b s e c t i o n  ( 5 . 2 . 3 )  f o r  
t h e  a b s o r p t i o n  o f  carbon d i o x i d e  i n  f l o w i n g  w a t e r  f i l m ,  and 
t h e  e f f e c t  i s  t o  enhance t he  mass t r a n s f e r .  A l s o ,  a s u r f a c e  
r e s i s t a n c e  o f  s i g n i f i c a n t  magni tude has been measured (see  
s u bs e c t i o n  ( 5 . 3 . 2 . 4 ) )  f o r  a b s o r p t i o n .  Thomas and Ray ( 1 9 7 5 ) ,
i n  t h e i r  s tudy  o f  C02 d e s o r p t i o n  f rom s t a t i c  l i q u i d  p o o l s ,  
found t h a t  buoyancy d r i v e n  c o n v e c t i v e  d i s t u r b a n c e s  were  
a b s e n t ,  a ls o  t he y  were a b l e  t o  measure a s i g n i f i c a n t  s u r f a c e  
r e s i s t a n c e  which was s m a l l e r  f o r  d e s o r p t i o n  than a b s o r p t i o n .  
I t  i s  suspected t h a t  t h e r e  i s  a s u r f a c e  r e s i s t a n c e  f o r  C02 
d e s o r p t i o n  f rom a f l o w i n g  l i q u i d  f i l m ,  which w i l l  be 
discussed in  g r e a t e r  d e t a i l  i n  s u b s e c t i o n  ( 5 . 3 . 4 . 2 ) .  I t  has 
been demonst ra ted a l s o  i n  s u b s e c t i o n  ( 5 . 3 . 4 . 1 )  t h a t  d u r i n g  
carbon d i o x i d e  d e s o r p t i o n  f rom f l o w i n g  l i q u i d  f i l m s ,  the  
s u r f a c e  l a y e r  becomes l i g h t e r  than t h e  b u l k  l i q u i d ,  which  
would damp any c o n v e c t i v e  d i s t u r b a n c e s  propagat ed by d e n s i t y  
d i f f e r e n c e s .
An e v a l u a t i o n  o f  t he  comparison between a b s o r p t i o n  and 
d e s o r p t i o n  r e s u l t s  a t  ang l e  1°  shows t h a t :
1.  A b s o r pt i o n  and d e s o r p t i o n  processes are  not  m i r r o r  
images,  as p r e d i c t e d  f rom the t h e o r e t i c a l  models .
2 .  Gives s uppor t  t o  a p r e v i o u s  s t a t e m e n t ,  which  
a t t r i b u t e s  t he  d i f f e r e n c e  between t he  o p t i c a l  and 
’ r e d u c e d ’ r e s u l t s  f o r  t h e  a b s o r p t i o n  s t udy  t o  t he  
presence o f  t he se  c o n v e c t i v e  d i s t u r b a n c e s .
3 . .  These c o n v e c t i v e  d i s t u r b a n c e s  e x i s t  f o r  carbon
d i o x i d e  a b s o r p t i o n ,  and a re  absent  i n  d e s o r p t i o n .
4 .  These c o n v e c t i v e  d i s t u r b a n c e s  p l a y  an i m p o r t a n t  
p a r t  i n  enhancing t he  mass t r a n s f e r ,  s i n c e : t h e  
a b s o r p t i o n  r e s u l t s  a re  h i g h e r  than t he  d e s o r p t i o n  
r e s u l t s ,  a l t ho ugh i t  i s  suspected t h a t  t h e  s u r f a c e  
r e s i s t a n c e  f o r  d e s o r p t i o n  i s  l owe r  than  t h a t  f o r  
a b s o r p t i o n .
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F i g . ( 5 . 2 . 1 8 )  Comparison between the  amount o f  s o l u t e  desorbed  
and absorbed p er  u n i t  t i m e .  Angle o f  i n c l i n a t i o n  1 ° .
_______________  A b s o r p t i o n * ____  _    D e s o r p t i o n *
■ P r i ma ry *  □ Reduced; O Model ( I )  p r e d i c t i o n s  and Model ( I I )  
p r e d i c t i o n s  ( 9  4th Order  P o l yn om ia l  Appn) .
5 . 2 . 6 .  E v a l u a t i o n  o f  p r e v i o u s l y  p u b l i s h e d  w o r k
I n  view o f  t h e  f i n d i n g s  o f . t h i s  s t u dy ,  a compar ison and 
d i s c u s s i o n  o f  the  f i n d i n g s  of  some o t h e r  i n v e s t i g a t o r s  w i l l  
be p r es en t ed  h e r e .
G a r t s i d e  ( 1962)  s t u d i e d  a b s o r p t i o n  i n t o  n e a r l y -  
h o r i z o n t a l  f l o w i n g  l i q u i d  f i l m s ,  and p re s en t ed  a m a t h e m a t i c a l  
t r e a t m e n t  t o p r e d i c t  the  a b s o r p t i o n  due t o  e n d - e f f e c t s .  This  
has been summarised by Goodridge and G a r t s i d e  ( 1 9 6 5 ) .  I n  
t h e i r  approach to  t h e  problem t he y  assumed t h a t  t h e  s h o r t  
c o n t a c t  t im e  s o l u t i o n  o f  P i g f o r d  (1941)  was a p p l i c a b l e  t o  
t h e i r  r e s u l t s .  An e x a m i n a t i o n  o f  t h e  P i g f o r d  ( 1 9 41 )  s o l u t i o n  
shows t h a t  t h i s  was based on the  assumpt ion t h a t  t h e r e  i s  no 
s u r f a c e  r e s i s t a n c e ,  and the  a b s o r p t i o n  process occurs on ly  
by m o l e c u l a r  d i f f u s i o n .  A l s o ,  t h e  s h o r t  c o n t a c t  t im e  
a p p r o x i m a t i o n  i s  v a l i d  on ly  f o r  c o n t a c t  t ime  l e s s  than 0 .1  sec,  
w h i l e  i n  G a r t s i d e ’ s s tudy i t  was g r e a t e r  than 2 s e c .  T h e r e f o r e  
t he  a p p l i c a b i l i t y  o f  G a r t s i ' de ' s  ( 1962)  t r e a t m e n t  was t hou ght  
to be of  d o u b t f u l  v a l i d i t y .
Jepsen ( 1964)  i n v e s t i g a t e d  the e f f e c t  o f  wave induced  
t u r b u l e n c e  on t h e  r a t e  o f  a b s o r p t i o n  o f  gas i n  f a l l i n g  l i q u i d  
f i l m s .  Th is  work was summarised by Jepsen,  Gr os se r  and 
P e r r y  ( 1 9 6 6 ) .  No account  was taken o f  t he  e n d - e f f e c t s  o r  t he  
v e l o c i t y  p r o f i l e  across t h e  c e l l  and t he  meniscus e f f e c t s .
M e r r i t t  ( 1966)  s t u d i e d  a b s o r p t i o n  i n t o  t h i n  wavy l a m i n a r  
l i q u i d  f i l m s  f a l l i n g  down i n c l i n e d  pl anes  w i t h o u t  c o n s i d e r i n g  
the  e n d - e f f e c t s .  However,  e x p e r i m e n t a l  r e s u l t s  were compared 
w i t h  P i g f o r d ’ s ( 1941)  s o l u t i o n  and o t h e r  s o l u t i o n s  based on 
P oh l h a u s e n ’ s (1921)  t e c h n i q u e .  S ince both o f  t he se  s o l u t i o n s  
were d e r i v e d  assuming no s u r f a c e  r e s i s t a n c e ,  and a b s o r p t i o n
occurs only  by m o l e c u l a r  d i f f u s i o n ,  and as i t  has been 
demonst ra ted i n  our  s tudy t h a t  any r e s u l t s  which i n c l u d e  t he  
e n d - e f f e c t s  would be e r ro ne ous ,  then t he  c onc lu s i ons  drawn 
f rom t h e i r  s tudy a re  s u s p e c t .
More r e c e n t l y ,  Ray C19 73} i n v e s t i g a t e d  t h e  a b s o r p t i o n  o f  
carbon d i o x i d e  i n  w a t e r  f l o w i n g  on an i n c l i n e d  p l a n e ,  which  
was summarised by Thomas, Ray and Pa lmer  ( 1 9 7 6 ) .  I n  t h e i r  
i n v e s t i g a t i o n s ,  t h e  e n d - e f f e c t s  were reduced o r  n e a r l y  
e l i m i n a t e d  because these  e f f e c t s  proved t o a f f e c t  g r e a t l y  t he  
e x p e r i m e n t a l  r e s u l t s .  A f t e r  a c a r e f u l  e x a m i n a t i o n  o f  the  
d ev ic e  used t o  e l i m i n a t e  t h e  e n d - e f f e c t s ,  i t  was found not  
p o s s i b l e  t o  employ t he  same d e v i ce  f o r  t h e  p r e s e n t  d e s o r p t i o n  
s t u d y .  Ot her  drawbacks i n  the  e a r l i e r  s tudy o f  Thomas and 
Ray ( 1 9 7 3 3 ( 1 9 7 6 )  which have now become c l e a r e r  a r e :
(a )  P i g f o r d ' s  (1 941 )  a ppr ox imat e  s o l u t i o n  f o r  a s h o r t  
c o n t a c t  t i m e ,  i . e .  t  < 0 .1  sec,  was used i n  t he  
s t u d y ,  w h i l e  t he  c o n t a c t  t imes  were g r e a t e r  than  
2 . 0 s e c .
(b)  I n  t h e  a n a l y s i s  o f  t he  e x p e r i m e n t a l  r e s u l t s ,  a
i
t erm was employed ( t 2/ h )  f o r  c o r r e l a t i o n ,  which has 
no p h y s i c a l  meaning,  and c o ns e qu en t l y  i t  may l e a d  
to  t he  wrong c onc lu s i ons  be ing drawn.
No work has been p u b l i s h e d  d e s c r i b i n g  t he  n a t u r e  o f  t h e  
t r a n s f e r  process o c c u r r i n g  when gas desorbs f rom f l o w i n g  
l i q u i d  f i l m s ,  f l o w i n g  on f l a t  p l a t e s  a t  low angl es  o f  
i n c l i n a t i o n .  The l i m i t e d  p u b l i s h e d  work i s  concerned m a i n l y  
w i t h  v e r t i c a l  p l a t e s  o r  w e t t e d  w a l l  columns,  f o r  exampl e,  
Emmert and P i g f o r d  (1954)  c o n t r i b u t e d  l i t t l e  t o  t he  d e s o r p t i o n  
process i n  t h e i r  i n v e s t i g a t i o n .  Elsewhere  i n  t he  l i t e r a t u r e ,
i t  i s  assumed t h a t  t h e  d e s o r p t i o n  process i s  m i r r o r  
o f  a b s o r p t i o n ,  e . g .  Danckwerts ( 1 9 7 0 ) ,  C hapt er  11.  
o f  u n de rs t a n d i n g  t h e  d e s o r p t i o n  process i s  shown i n  
r e c e n t  r e v i e w  by Shah and Sharma ( 1 9 7 6 ) .
image 
The l a c k  
t h e  more
5 . 3 .  I n t e r f e r o m e t r i c  s tudy
5 . 3 . 1 .  I n t r o d u c t i o n
A l l  o p t i c a l  e x p e r i m e n t a l  r e s u l t s  were o b t a i n e d  from 
i n t e r f e r o g r a m s  r e co rd ed  on a c i n e  f i l m .  The i n t e r f e r o g r a m s  
r e p r e s e n t  the  process o f  t h e  s o l u t e  t r a n s f e r  across an 
i n t e r f a c e ,  and were a na ly se d as d e s c r i b e d  in  S e c t i o n  ( 4 . 1 . 3 )  
I t  was found t h a t  t he  be s t  o p e r a t i n g  c o n d i t i o n s ,  where  
r e p r e s e n t a t i v e  r e s u l t s  were o b t a i n a b l e ,  were a t  an a ngl e  o f  
1 ° ,  and a range o f  f i l m  Reynolds numbers between 200 and 900 
These l i m i t a t i o n s  can be e x p l a i n e d  as f o l l o w s :
1.  At high v a lu es  o f  f i l m  Reynolds number,  i . e .  Rep > 1000  
a t  an a ng l e  o f  1G, i t  was seen t h a t  t h e  s u r f a c e  o f  t he  
l i q u i d  f i l m  was not  a u n i f o r m  wavy s u r f a c e .  I n s t e a d ,  a 
random wavy p a t t e r n  e x i s t e d  i n  which t h e r e  were peaks 
and t r oughs  across t h e  w i d t h  o f  t he  c e l l .  Under such 
c o n d i t i o n s ,  any i n t e r f e r o g r a m  frame w i l l  r e p r e s e n t  an 
o v e r l a p  o f  t roughs and peaks which ,  in  t u r n ,  g i v e  a 
f a l s e  r e p r e s e n t a t i o n  o f  the  t r u e  s i t u a t i o n .
2 .  The r e s u l t s  o b t a i n e d  a t  v er y  low f i l m  Reynolds number,  
i . e .  Rep < 200,  a t  an angle  o f  1 ° ,  were d i s r e g a r d e d ;  
w i t h  low l i q u i d  v e l o c i t y  and s m al l  l i q u i d  d ep t h s ,  the  
f r i n g e  bends deep i n t o  the l i q u i d  pool  even to t he  c e l l  
f l o o r ,  g i v i n g  m i s l e a d i n g  r e s u l t s .
3.  An a c c e p t a b l e  range o f  f i l m  Reynolds number,  i n s i d e  
which a smooth s u r f a c e  f l o w  was o b t a i n a b l e ,  was found  
a t  an a ng l e  o f  1 ° .  At h i g h e r  angl es  o f  i n c l i n a t i o n  a 
smooth s u r f a c e  f l o w  was o b t a i n a b l e ,  but  f o r  a n a r r o w e r  
range o f  f i l m  Reynolds n u m b e r . . For  ang l es  o f  
i n c l i n a t i o n  h i g h e r  than 4 ° ,  a smooth s u r f a c e  f l o w  was 
not o b t a i n a b l e .
5 . 3 . 2 .  A b s o r p t i o n  s t u d y
5 . 3 . 2 . 1 .  A n a l y s i s  and d i s c u s s i o n  o f  t h e  i n t e r f e r o g r a m s
Befo re  examin ing t he  a b s o r p t i o n  p r oc es s,  i t  was necessary  
t o  a d j u s t  t he  o p t i c a l  system t o  g i v e  a sharp i n t e r f e r e n c e  
p a t t e r n .  On exposure o f  t h e  l i q u i d  t o s o l u t e  gas,  mass 
t r a n s f e r  t a k es  p l ac e  across t h e  i n t e r f a c e ,  and i n t e r f e r e n c e  
f r i n g e s  bend.  The bending o f  t h e  f r i n g e s  are  due t o  t he  
r e f r a c t i v e  inde x  g r a d i e n t  s e t  up by t h e  c o n c e n t r a t i o n  
d i s t r i b u t i o n  o f  s o l u t e  i n  the  s o l u t i o n .
Dur ing t he  i n i t i a l  e xpe r i me nt  i t  was noted t h a t  t h e  
i n t e r f e r e n c e  f r i n g e s  n ea r  t h e  i n t e r f a c e  were s l i g h t l y  
d i s t o r t e d .  The o p t i c a l  system was checked,  and a f t e r  
i n v e s t i g a t i n g  t h i s  problem,  no o t h e r  reason coul d be found  
f o r  t h i s  phenomenon o t h e r  than ’ l i g h t  d e f l e c t i o n ’ . A s i m i l a r  
d i s t o r t i o n  was d i scussed by Beach,  M u l l e r  and Tobias  ( 1 9 7 3 ) .  
This  d i s t o r t i o n  can be a t t r i b u t e d  t o  the  l o w e r i n g  o f  t h e  
r e f r a c t i v e  i ndex  n ea r  and a t  t h e  i n t e r f a c e  due t o  t h e  carbon  
d i o x i d e  presence i n  t h e  s o l u t i o n  as a b s o r p t i o n  proceeds  
(Watson ( 1 9 5 4 ) ) .  This  d i s t o r t i o n  problem can be b es t  
c o r r e c t e d  by f o c u s s i n g  t h e  o b j e c t i v e  lens  F i g . , ( 3 . 4 ) )
on the  p l ane  where the  l i g h t  l ea v es  t h e  c e l l ,  F i g . ( 3 . 4 ) .
I n  t h i s  way a g r e a t l y  improved p i c t u r e  o f  t he  f r i n g e  p a t t e r n  
was o b t a i n e d  on t h e  TV s c r e e n .  The d e f l e c t i o n  problem w i l l  
be d e a l t  w i t h  i n  d e t a i l  i n  s u b s e c t i o n  ( 5 . 3 . 4 . 1 ) .
An a d d i t i o n a l  problem d i r e c t l y  r e l a t e d  t o t he  o p t i c s  
concerns t h e  sharpness of  t he  i n t e r f a c e .  L i g h t  r e f l e c t i o n  a t  
t h e  i n t e r f a c e  produces a l owe r  sha rpne ss .  B ef or e  mass 
t r a n s f e r , . t h e  i n t e r f a c e  appears on t he  TV screen as a sharp  
image.  I t s  p o s i t i o n  can be marked on the  s c r e e n .  When
a b s o r p t i o n  t a k es  p l a c e ,  bending o f  t h e  f r i n g e s  occurs and i s  
c l e a r  and w e l l  d e f i n e d ,  however ,  t he  i n t e r f a c e  i t s e l f  loses  
some o f  i t s  s har pness .  S ince the  f r i n g e s  are  w e l l  d e f i n e d ,  
and the p o s i t i o n  o f  t he  i n t e r f a c e  i s  known, i t  i s  p o s s i b l e  
t o  t r a c e  t he  f r i n g e  s h i f t  t o  the i n t e r f a c e .  I n  t h i s  way the  
f r i n g e  s h i f t  a t  t h e  i n t e r f a c e  i s  o b t a i n a b l e .
I n t e r f e r o g r a m s  were o b t a i n e d  f o r  a n a l y s i s  a t  c e l l  
p o s i t i o n s  1 4 . 5 ,  2 5 . 0 ,  4 0 . 0 ,  5 5 . 0 ,  6 8 . 0  and 7 8 . 0  cm f rom t he  
l i q u i d  i n l e t .  The o p e r a t i n g  c o n d i t i o n s  were f rom 8 0 . 0  cc /min  
t o  3 4 6 . 0  cc /min  f i l m  f l o w  r a t e ,  and an angl e  o f  i n c l i n a t i o n  o f  
1 ° .  The reasons f o r  choosing t hese  o p e r a t i o n  c o n d i t i o n s  are  
gi ve n  i n  s u b s e c t i o n  ( 5 . 3 . 1 ) .
4
Shadowgraph t r a c i n g s  o f  t h e  f r i n g  p a t t e r n s  f o r  C02 
a b s o r p t i o n  i n  w a t e r  a re  g i ve n i n  F i g s . ( 5 . 3 . 1 )  to  ( 5 . 3 . 3 ) .
A l s o ,  a s e l e c t e d  s e r i e s  o f  p h o t o g r a p h i c  s t i l l s  a re  p r i n t e d  in  
F i g s . ( 5 . 3 . 4 )  t o  ( 5 . 3 . 7 ) .  V a r i a t i o n  o f  t he  l i q u i d  f i l m  
t h i c k n e s s  as a f u n c t i o n  o f  t he  f i l m  Reynolds number f o r  an 
angl e  o f  1°  i s  g iven i n  F i g . ( 5 . 3 . 8 ) .  P r e s e n t e d  in  F i g s .
( 5 . 3 . 9 )  and ( 5 . 3 . 1 0 )  i s  t h e  v a r i a t i o n  i n  t h e  carbon d i o x i d e  
p e n e t r a t i o n  depth i n  t h e  l i q u i d  f i l m  w i t h  change i n  c o n t a c t  
l e n g t h  and f i l m  Reynolds number,  r e s p e c t i v e l y .  I t  can be 
observed t h a t  t h e  r e l a t i o n s h i p  between t h e  p e n e t r a t i o n  depth  
and c o n t a c t  l e n g t h  i s  l i n e a r ,  F i g . ( 5 . 3  .-9) , w h i l e  i t  i s  not  
t he  case w i t h  t he  f i l m  Reynolds number,  F i g  . (5 . 3 . 10 )  .
The v a r i a t i o n  o f  0o . . and M, , . w i t h  c o n t a c tS - o p t i c  t - o p t i c
l e n g t h  a long t h e  c e l l  f o r  c o n s t a n t  f i l m  Reynolds number i s  
shown i n  F i g s . ( 5 . 3 . 1 1 )  and ( 5 . 3 . 1 3 ) .  Also p r e s e n t e d  i n  F i g s .  
( 5 . 3 . 1 2 )  and ( 5 . 3 . 1 4 )  are  the v a r i a t i o n  o f  C g - o p t i c  anc* 
^ t - o p t i c  change i n  the  f i l m  Reynolds number f o r  c o n s t a n t
c o n t a c t  l e n g t h s .  As would be e x pe c t e d ,  t h e  l o w e r  t h e  f i l m
Interface I.F. 1 I.F.
Liquid
FlowFilm Reynolds
Number 204.0
Floor of the celt
68.0 55.078.0 40.0 25.0 14.5
Contact length 
I.F: = . Initial fringe pattern before mass transfer
Interface I.F I.F.
Liquid
< ------
Flow
Film Reynolds
Number 276.0
Floor of the ce
78.0 68.0 55.0 40.0 14.525.0
Contact length
Fig. (5 .3 .1 .) Shadowgraph tracing for COg absorption in water. 
Angle of inclination 1°
Magnification ratio = 62:1
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Angle of inclination 1
55.078 .0  68 .0 40.0 25.0 14.5
Contact length cm.
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Angle of
inclination 1
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Contact length cm.
F ig . (5 .3 .2 . )  Shadowgraph tracing for C 0 2 absorption in water. 
M agnification ra tio =  6 2 :1  . _
Film Reynolds
Number 679.0
Angle of inclination 1
14.540.0 25.068 .0  55.078.0
Contact length cm.
Film Reynolds
Number 883.0
Angle of inclination 1
Contact
14.525 .06 8 .0  55.0 40.078.0length cm.
Fig.( 5 . 3 . 3 )  Shadowgraph tracing for CO2 absorption in water.
Magnification factor 62:1  ..... /
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( a ) No a b s o r p t i o n  (b)  A bs or pt ion
Fi l m Reynolds number = 2 7 6
(.a) No a b s o r p t i o n  Cb) A bsor pt ion
F i lm  Reynolds number = 204
F i g . ( 5 . 3 . 6 )
Fr in ge  p a t t e r n s  f o r  a b s o r p t i o n  o f  carbon d i o x i d e  i n  f l o w i n g  
w a t e r  f i 1 m s .
P o s i t i o n  along c e l l  = 6 8 . 0  cm 
Angle 'of  i n c l i n a t i o n  = 1 °
M a g n i f i c a t i o n  r a t i o  = 32:1

(a)  P o s i t i o n  a long c e l l  [b)  P o s i t i o n  along c e l l
-  2 5 . 0  cm = 6 8 . 0  cm
Fi l m Reynolds number = 475
t a t .  P o s i t i o n  along c e l l  (b) P o s i t i o n  along c e l l
= 2 5 .0  cm = 6 8 .0  cm
Fi lm Reynolds number = 276
F i g , ( 5 . 3 . 7 ]
F r i n g e  p a t t e r n s  f o r  a b s o r p t i o n  of  carbon d i o x i d e  i n  f l o w i n g  
w a t e r  f i l ms. .
Angle of  i n c l i n a t i o n  = 1°
M a g n i f i c a t i o n  r a t i o  = 3 2 : 1
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F i g . ( 5 . 3 . 8 )  Comparison between t he  e x p e r i m e n t a l  v a l u e s  and 
t h e o r e t i c a l  p r e d i c t i o n s  o f  the f i l m ,  t h i c k n e s s  as a f u n c t i o n  
o f  t he  f i l m  Reynolds number. Angle o f  i n c l i n a t i o n  1 ° .
■ T h e o r e t i c a l  p r e d i c t i o n s ,  based on N u s s e l t ' s  e q u a t i o n  ( 5 . 1 . 5 )  
A T.M.  r e s u l t s  
A  O p t i c a l  r e s u l t s
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F i g . ( 5 . 3 . 9 )  A b s o r p t i o n :  carbon d i o x i d e  p e n e t r a t i o n  depth in  
t h e  l i q u i d  f i l m  as a f u n c t i o n  of  t he  c o n t a c t  l e n g t h .  Angle  
of  i n c l i n a t i o n  1 ° .
F i lm  Reynolds number: #  2 0 4 . 0 ;  0  2 7 6 . 0 ;  H 3 4 2 . 0 ;
□ 4 7 5 . 0 ;  A 679 .0 , A  8 8 3 . 0
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F i g . ( 5 . 3 . 1 0 )  A b s o r p t i o n :  carbon d i o x i d e  p e n e t r a t i o n  depth
in the l i q u i d  f i l m  as a f u n c t i o n  of  t he  f i l m  Reynolds number.
Angle o f  i n c l i n a t i o n  1 ° .
Cont act  l e n g t h :  1 -  1 4 .5  cmj 2 - 2 5 . 0  cmj 3 - 4 0 . 0  cm
4 - 5 5 . 0  cm; 5 - 6 8 . 0  cmj  6 - 7 8 . 0  cm
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. ( 5 . 3 . 1 1 )  A b s o r p t i o n : C., , . as a f u n c t i o n  o f  ther ■ S - o p t i c
t a c t  l e n g t h .  Angle o f  i n c l i n a t i o n  1 ° .
m Reynolds number: 9  2 0 4 . 0j  O 2 7 6 . 0 ,  ■ 3 4 2 . 0 ;
□  4 7 5 . 0 ,  ▲ 6 7 9 . 0 ,  A 0 8 3 . 0
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F i g .  ( 5 . 3 . 1 2 )  Abs or pt io n:  C2 _Qp^^c as a f u n c t i o n  of  the  f i l m  
Reynolds number.  Angle o f  i n c l i n a t i o n  1Q.
Contact  l e n g t h :  1 - 14 .5  cm; 2 - 2 5 . 0  cmj 3 - 4 0 . 0  cmj
4 - 5 5 . 0  cmj 5 - 6 8 . 0  cmj 6 - 7 8 . 0  cm
10 20 30 40 50 60 70
0 . 0 ^
Contact  l e n g t h  (cm)
F i g . ( 5 . 3 . 1 3 )  A b s o r p t i o n : a s  a f u n c t i o n  of  t he  
c o n t a c t  l e n g t h .  Angle of  i n c l i n a t i o n  1 ° .
F i l m  Reynolds number: © 2 0 4 . 0 ,  O 2 7 6 . 0 ;  ■ 3 4 2 . 0 /
□ 4 7 5 . 0 ,  A 6 7 9 . 0 ,  A  8 8 3 . 0
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F i g . ( 5 . 3 . 1 4 )  A b s or p t i o n:  as a f u n c t i o n  of  t he  f i l m
Reynolds number.  Angle of  i n c l i n a t i o n  1 ° .
Contact  l e n g t h :  1 -  1 4 .5  cm; 2 - 2 5 . 0  cmj 3 - 4 0 . 0  cmj
4- _ 5 5 .0  cmj 5 - 6 8 . 0  cmj 6 -  7 8 . 0  cm
Reynolds number t h e  g r e a t e r  are  Cs_0pt - [c and ^ t - o p t i c '  a^
t h e  same c o n t a c t  l e n g t h .  A l s o ,  as t h e  c o n t a c t  l e n g t h
i n c r e a s e s ,  then both Cn , .  and M. . •  i n c r e a s e .S - o p t i c  t - o p t i c
I t  i s  c l e a r  t h a t  t h e  r e s u l t s  o b t a i n e d  show w e l l  d e f i n e d  
t r e n d s .
5 . 3 . 2 . 2 .  ^ s - o p t i c  anc* ^ t - o p t i c  aS 6 f u n c t i o n  g a s - l i q u i d  
c o n t a c t  t im e  ( A b s o r p t i o n )
Pr e se n t e d  i n  F i g s . ( 5 . 3 . 1 5 )  and ( 5 . 3 . 1 6 )  a r e  the
v a r i a t i o n s  o f  C„ . .  and M, w i t h  the  c o n t a c t  t i me  f o rS - o p t i c  t - o p t i c
d i f f e r e n t  v a l u e s  o f  t h e  f i l m  Reynolds number.  As would be
e x p e c t e d ,  both C0 , . and M, . .  a re  f u n c t i o n s  o f  t her  S - o p t i c  t - o p t i c
c o n t a c t  t i m e ,  and both i n c r e a s e  as t h e  c o n t a c t  t ime  i n c r e a s e s .
I t  i s  seen f rom F i g . ( 5 . 3 . 1 5 )  t h a t  t h e r e  a re  i n t e r s e c t i o n s
between t h e  d i f f e r e n t  c ur v e s ,  each curve be ing f o r  a c o n s t a n t
f i l m  Reynolds number.  For  the  h i g h e s t  f i l m  Reynolds number,
i . e .  Re^ = 8 8 3 . 0  a t  c o n t a c t  t ime  1 . 0  sec,  Cn has t heF S - o p t i c
l o we s t  v a l u e .  As t h e  c o n t a c t  t ime i n c r e a s e s ,  Cn . .S - o p t i c
i n c r e a s e s  u n t i l  i t  a t t a i n s  the  h i g h e s t  v a l ue  a t  a c o n t a c t  
t im e  g r e a t e r  than 4 . 5  sec.
There seemed to be no p h y s i c a l  reason or  e x p l a n a t i o n  
f o r  such b e h a v i o u r ,  u n t i l  the  s u r f a c e  r e s i s t a n c e  s t udy  was 
c a r r i e d  o u t .  I t  w i l l  be observed i n  s u b s e c t i o n  ( 5 . , 3 . 2 . 4 )  
t h a t  as t h e  f i l m  Reynolds number i n c r e a s e s ,  t he  s u r f a c e  
r e s i s t a n c e  decreases a t  t he  same c o n t a c t  t i m e .
As the f i l m  Reynolds number i n c r e a s e s ,  t he  s u r f a c e  
v e l o c i t y  a l s o  i n c r e a s e s .  T h e r e f o r e ,  f o r  the  h i g h e s t  f i l m  
Reynolds number, the  l i q u i d  f i l m  would t r a v e l  to  p o s i t i o n  ( 1 )  
on the  i n c l i n e d  plane ( 1 4 . 5  cm f rom the  i n l e t )  f a s t e r  than  
t h a t  o f  t h e  l o w e r  Rep. Cons eque nt l y ,  Cs _ 0p^ i c a t
-p
o
o•H
-pa□
CJ
5 9 10 11 12 130 . 0  1 2 3 6 7 84
Contact  t ime  ( s e c ) /
F i g . ( 5 . 3 . 1 5 )  A b s o r p t i o n :  Cs_0 p t i c as a f u n c t i o n  o f  the  
c o n t a c t  t i m e .  Angle o f  i n c l i n a t i o n  1°.
F i l m  Reynolds number: $  2 0 4 . 0 j  O 2 7 6 . 0 ,  a  3 4 2 . 0 ,
□ 4 7 5 . 0 ,  ▲ 6 7 9 . 0 ,  A 8 8 3 . 0
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p o s i t i o n  (1 )  decreases  as t h e  f i l m  Reynolds number i n c r e a s e s .  
A f t e r  a l o n g e r  t ime  o f  c o n t a c t ,  ^ s - o p t i c  ^p r  h i g h e s t  
v a l u e  o f  t h e  f i l m  Reynolds number becomes b i g g e r  because o f  
t h e  s u r f a c e  r e s i s t a n c e .
As would be e x p e c t e d ,  t h e  h i g h e r  the  f i l m  Reynolds  
number t h e  g r e a t e r  i s  same c o n t a c t  t i m e ,
and as t he  c o n t a c t  t ime  i n c r e a s e s ,  ^ t - o p t i c  ^ncreases  ^o r  a 
c o n s t a n t  f i l m  Reynolds number,  F i g . ( 5  . 3 .16 )  .
5 . 3 . 2 . 3 .  P e r t u r b a t i o n s :  C onv ec t i ve  d i s t u r b a n c e s
I t  was ;observed f rom t h e  t i t r a t i o n  a n a l y s i s  
( R e s i s t i v i t y  m e t e r  -  Appendix C - I I )  and the  o p t i c a l  s t u d y ,  
t h a t  the  average c o n c e n t r a t i o n  r e s u l t s ,  i . e .  t h e  reduced  
r a t e  o f  a b s o r p t i o n ,  was h i g h e r  than t h a t  o b t a i n e d  f rom the  
i n t e r f e r o g r a m s , f o r  t h e  range o f  f i l m  f l o w  r a t e  s t u d i e d .
The r a t e  o f  a b s o r p t i o n  o b t a i n e d  f rom t he  o p t i c a l  s t udy  was 
around 40% t o 50% o f  t he  reduced r a t e  o f  a b s o r p t i o n ,
Tab l e  ( 5 . 3 . 1 ) .
Th i s  d i f f e r e n c e  was expect ed f rom t h e  p r e v i o u s  work of  
Thomas e t  a l  ( 1 9 7 2 ,  1973)  and i t  i s  a t t r i b u t e d  to  t h e  e f f e c t  
o f  t he  c o n v e c t i v e  d i s t u r b a n c e s .  I t  i s  known t h a t  t h e se  
c o n v e c t i v e  d i s t u r b a n c e s  would reduce t he  v a lu es  o f  t he  r e s u l t s  
o b t a i n e d  f rom t h e  i n t e r f e r o g r a m s  by changing t h e  g r a d i e n t  o f  
the s o l u t e  i n  t h e  l i q u i d .  That  i s ,  changing t h e  c o n c e n t r a t i o n  
o f . t h e  s o l u t e  in  t h e  l i q u i d  a t  depths where i t  i s '  i n c o r r e c t l y  
assumed t o  be pure w a t e r .  I n  o t h e r  words,  the  o p t i c a l  r e s u l t s  
were based on t he  h y p o th es is  t h a t  t he  b u l k  l i q u i d  was w a t e r  
i n  t h e  i n t e r i o r  o f  the f i l m ,  but  in  f a c t ,  due to  
c o n v e c t i v e  d i s t u r b a n c e s ,  t h e  s o l u t e  would t r a n s f e r  d ee pe r  
i n t o  t h e  l i q u i d  f i l m  making the  r e f e r e n c e  o t h e r  than  pure  
w a t e r .
T a b l e  ( 5 . 3 . 1 )
An example o f  t h e  comparison between t he  o p t i c a l  r a t e  of  
a b s o r p t i o n  and reduced r a t e  o f  a b s o r p t i o n  o ve r  t he  range  
o f  f i l m  Reynolds number s t u d i e d .
Cont act  l e n g t h  = 9 2 . 0  cm 
Angle o f  i n c l i n a t i o n  1°
F i l m  f l o w
r a t e
cc / mi n
Fi  lm
Reynolds
number
(ReF )
Reduced r a t e  
o f
Ab so rp t i o n  
’ t i t r a t i o n ’ 
x 106 
gmol /sec
O p t i c a l  
r a t e  o f  
A bs or pt io n  
x 106 
gmol /sec
% o f  the
o p t i c a l
r e s u l t s
t o  the
t i t r a t i o n
r e s u l t s
8 0 . 0 2 0 4 . 0 8 . 3 0 4 . 1 4 50
1 0 8 . 0 2 7 6 . 0 8 . 9 0 4 . 5 6 51
13 4. 0 3 4 2 . 0 9 .40 4 . 7 4 50
1 86 . 0 4 7 5 . 0 10 .40 5 .3 7 52
2 6 6 . 0 679 .0 11 .70 5 . 2 6 45
3 46 .0 8 8 3 . 0 1 2 . 80 5 . 3 8 42
The presence o f  the se  c o n v e c t i v e  d i s t u r b a n c e s  has been 
demonst ra ted by Thomas, Khanna and Pa lmer  ( 1 9 7 2 ,  1 9 7 3 ) .  I t  
i s  b e l i e v e d  t h a t  the se  d i s t u r b a n c e s  o r  m ic r oe dd i es  are  
buoyancy d r i v e n  and may bfe r e i n f o r c e d  by s u r f a c e  t e n s i o n  
e f f e c t s  i n  t h e  case o f  a b s o r p t i o n  o f  CO2 by w a t e r .  Th is  
i s  suppor ted by t he  work o f  B l a i r  and Quinn ( 1 9 6 8 ) ,  i n  which  
t he y  found t h a t  a s o l u t i o n  o f  carbon d i o x i d e  i n  w a t e r  i s  
denser  than w a t e r .
These i n v e s t i g a t i o n s  l ea d  t o  a c o nc l u s i o n  t h a t  CO2 
passes f rom t he  i n t e r f a c e  towards t h e  b u l k  of  t h e  l i q u i d , ,  
not on l y  by m o l e c u l a r  d i f f u s i o n  but  a l s o  by c o n v e c t i v e  
d i s t u r b a n c e s .  The s t r a i g h t  v e r t i c a l  f r i n g e s  observed in  
F i g s . ( 5 . 3 . 4 )  to  ( 5 . 3 . 7 )  f rom y ,^ ( F i g  . (4 .1 )  ) to  t he  bot tom of  
t he  l i q u i d  f i l m ,  i n d i c a t e  a u n i f o r m  c o n c e n t r a t i o n  
d i s t r i b u t i o n  c o r r es po ndi ng  t o a CO2 c o n c e n t r a t i o n  i n  t h e  
bulk.
I t  i s  i m p o r t a n t  to r e i t e r a t e  t h a t  t h i s  c o n c l u s i o n  
about  t hese  d i s t u r b a n c e s  can on l y  be reached f rom t he  
s imul ta ne ous  o p t i c a l  and average c o n c e n t r a t i o n  measurements.
5 . 3 . 2 . 4 .  Su r f a ce  r e s i s t a n c e
The d e f i n i t i o n  o f  the  s u r f a c e  r e s i s t a n c e  used f o r  
p h y s i c a l  t r a n s f e r  i s
3M.
—  =  k ( C * - C c ) ( 5 . 3 . 1 )
3 t  s S
The v a lu e s  o f  and Cg can be o b t a i n e d  as a f u n c t i o n  o f  
t ime  f rom t he  i n t e r f e r o g r a m s . A pp l y i n g  e q u a t i o n  ( 5 . 3 . 1 )  and 
the o p t i c a l  r e s u l t s ,  t h e  s u r f a c e  r e s i s t a n c e  ( 1 / k  ) can be 
c a l c u l a t e d .
To demonst ra te  the  s i g n i f i c a n c e  of  t he  c o n v e c t i v e  
d i s t u r b a n c e s  in  d e t e r m i n i n g  t he  s u r f a c e  r e s i s t a n c e ,  and most 
o f  a l l  t o  o b t a i n  t h e  t r u e  v a l ue s  o f  the  s u r f a c e . r e s i s t a n c e ,  
c a l c u l a t i o n s  have been made w i t h  and w i t h o u t  the  d i s t u r b a n c e s  
p r e s e n t .
5 . 3 . 2 . 4 . ( a)  S u r f ac e  r e s i s t a n c e :  CD Wi th out  c o n s i d e r i n g  the  
e f f e c t  o f  t h e  c o n v e c t i v e  d i s t u r b a n c e s
Values o f  M, . . and Cn , . as a f u n c t i o n  o f  t he  t - o p t i c  S - o p t i c
c o n t a c t  t im e  were e s t a b l i s h e d  f rom t h e  a n a l y s i s  o f  t he  
i n t e r f  e r og r ams . The v a l ue  of  .j.£c / 3 t )  as a f u n c t i o n  o f
t i me  was found by p l o t t i n g  a g a i n s t  t ime  and t a k i n g
t h e  s lope  o f  t h e  curve a t  g i ve n  t ime  i n t e r v a l s .  Using  
e q u a t i o n  ( 5 . 3 . 1 ) :
3 Mi '
— V . ° E£ L £  = ( k  ) ( C * - C c ) ( 5 . 3 . 1 )  £c
3t   ^ I  S - o p t i c
t he  s u r f a c e  r e s i s t a n c e  ( I )  could be d e t e r m i n e d - e x p e r i m e n t a l l y .
P r ese nt ed  in  F i g . ( 5 . 3 . 1 7 )  i s  t h e  s u r f a c e  r e s i s t a n c e  ( I )  
as a f u n c t i o n  o f  t h e  c o n t a c t  t ime  f o r  a l l  cases s t u d i e d .  I t  
i s  observed t h a t  the  s u r f a c e  r e s i s t a n c e  ( I )  i s  a f u n c t i o n  o f  
t h e  c o n t a c t  t i m e ,  a l s o  i t  decreases as t h e  f i l m  Reynolds  
number o r  c o n t a c t  l e n g t h  i n c r e a s e s  a t  the  same c o n t a c t  t i m e .  
For  a l l  cases s t u d i e d ,  t h e  v a l ue s  o f  the  s u r f a c e  r e s i s t a n c e  
( I )  l i e  between 8 x I D 2 to  25 x 1 02 ( s e c / c m ) .  S ince  t he  
c o n v e c t i v e  d i s t u r b a n c e s  e f f e c t  has not  been t a k e n  i n t o  
account  by c o n s i d e r i n g  t he  o p t i c a l  r e s u l t s  o n l y ,  t h e  measured  
s u r f a c e  r e s i s t a n c e  w i l l  be i n  e r r o r .
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Film
Reynolds
number
10 contact
length
2041-  14.5 cm
2 -  24.0 cm
3 -  40.0 cm
CD
O 276
342
□ 4754 ~  55 .0  cm
a 6795 -  6 8 .0  cm
a  8836 -  78.0 cm
9 10 11 12 130 1 2 5 6 83 4 7
Cont act  t ime (sec)
F i g . ( 5 . 3 . 1 7 )  Su r fa c e  r e s i s t a n c e  ( I )  as a f u n c t i o n  o f  the  
c o n t a c t  t i m e .
  Constant  c o n t a c t  l e n g t h
 Constant  f i l m  Reynolds number
5 . 3 . 2 . 4 . ( b )  S u r f ac e  r e s i s t a n c e :  ( I I ) , C o n s i d e r i n g  t he
c o n t r i b u t i o n  o f  t h e  c o n v e c t i v e  d i s t u r b a n c e s
An advantage o f  our  e x p e r i m e n t a l  method o f  d e t e r m i n i n g  
t h e  e n d - e f f e c t s  i s  t h a t  the  average a c t u a l  t a k e - u p  as a 
f u n c t i o n  o f  t h e  c o n t a c t  l e n g t h  was e s t a b l i s h e d  f o r  each v a l u e  
o f  the  f i l m  Reynolds number s t u d i e d .  T h i s  enables  t he  
c o n t r i b u t i o n  o f  t h e  c o n v e c t i v e  d i s t u r b a n c e s  t o  be o b t a i n e d  
by d i f f e r e n c e .  From t h e  mass-ba lance  on t he  t a k e - u p  we 
have
A c t u a l  t a k e - u p  = t a k e - u p  ’ O p t i c s ”
+ t a k e - u p  ' c o n v e c t i v e  d i s t u r b a n c e s '
Note:  The t a k e - u p  a s s o c i a t e d  w i t h  t he  c o n v e c t i v e
d i s t u r b a n c e  i s  c ons id er ed  t o be u n i f o r m  across  
t h e  l i q u i d  f i l m ,  s i n ce  t h e  s t r a i g h t  v e r t i c a l  
f r i n g e s  o v e r  t h e  d i s t a n c e  o f  y ,^ (see F i g .  ( 4 . 1 ) )  
t o  the bot tom o f  the  l i q u i d  f i l m  i n d i c a t e  a 
u n i f o r m  c o n c e n t r a t i o n  d i s t r i b u t i o n  c or r e s p o n d i n g  
t o  a CO2 c o n c e n t r a t i o n  i n  t he  b u l k  o f  t he  
s o l u t i o n .
T h e r e f o r e ,  t h e  average c o n c e n t r a t i o n  c o n t r i b u t e d  by
t h e  c o n v e c t i v e  d i s t u r b a n c e s ,  C . . .  , can be c a l c u l a t e da v g - e d d i e s
from t he  a c t u a l  t a k e - u p  and o p t i c a l  r e s u l t s .  A l s o ,  the  
t r u e  v a l ue  o f  t he  s u r f a c e  c o n c e n t r a t i o n ,  ^ s _ t rUe '  can ^ en 
be c a l c u l a t e d  as:
C = C + CS - t r u e  S - o p t i c  a v g - e d d i e s
Flence, f rom the  knowledge o f  M^_^rue and cs _ t r u e  as a 
f u n c t i o n  o f  t h e  c o n t a c t  t i m e ,  and us ing e q u a t i o n  ( 5 . 3 . 1 )  
which becomes
t  - 1 ru e 
3t S - t r u e
( 5 . 3 . 1 ) (b)
then t he  t r u e  v a lu es  o f  t h e  s u r f a c e  r e s i s t a n c e  ( S u r f a c e  
r e s i s t a n c e  ( I I ) )  coul d be o b t a i n e d .
D e f i n i t i o n s  and terms used i n  c a l c u l a t i n g  s u r f a c e  
r e s i s t a n c e  ( I I ) ,  and a sk et ch  r e p r e s e n t a t i o n  o f  a l l  
par amet er s  i n v o l v e d ,  a re  shown in  F i g . ( 5 . 3  .18 )  :
The s u r f a c e  r e s i s t a n c e  ( I I )  as a f u n c t i o n  o f  t h e  c o n t a c t  
t i m e  i s  g i ve n  i n  F i g . ( 5 . 3 . 1 9 ) .  I t  can be seen t h a t  t he  
s u r f a c e  r e s i s t a n c e  ( I I )  f o l l o w s  t h e  same t r e n d  as s u r f a c e
and i t  decreases  w i t h  i n c r e a s i n g  f i l m  Reynolds number o r  
c o n t a c t  l e n g t h  a t  t h e  same c o n t a c t  t i m e ,  but  t he  magni tude  
i s  d i f f e r e n t .  The va l ue s  o f  s u r f a c e  r e s i s t a n c e  ( I I )  v a r y  
f rom 5 . 5  x 1 0 2 t o 1 0 . 0  x 102 ( s e c / c m ) ,  whereas s u r f a c e  
r e s i s t a n c e  ( I )  v a r i e s  between 8 x 1 0 2 and 25 x 102 ( s e c / c m ) .  
This  d i f f e r e n c e  in  magni tude between s u r f a c e  r e s i s t a n c e s  ( I )  
and ( I I )  shows t he  e r r o r  which would be i n v o l v e d  i f  
c o n v e c t i v e  d i s t u r b a n c e s  are  not  t a k en  i n t o  a c co unt .
As t h e  amount o f  s o l u t e  t r a n s f e r r e d  i n c r e a s e s ,  a 
v a r i a t i o n  o f  the s u r f a c e  c o n c e n t r a t i o n  and t he  c o n c e n t r a t i o n
True v a l u e  of  
t h e  t a k e - u p  
( gmol /cm2)t - t r u e -
Ca v g - t r u e x h ( f i l m  t h i c k n e s s )
Ca v g - o p t i c
t - o p t i c  
■ h
( gmol /cc )
C = C - Ca v g - e d d i e s  a v g - t r u e  a v g - o p t i c ( g mol / cc )
S - t r u e ( gm ol / cc )
r e s i s t a n c e  ( I )  i n  F i g . ( 5 . 3 . 1 7 ) .  I t  i s  a f u n c t i o n  o f  t i m e ,
's - t ru e
'avg-optic
s-optic
X /AJ
\  N\  I—A t
'avg-eddies,
'avg-true
F i g . C5. 3 . 1 0 )
R e p r e s e n t a t i o n  o f  t he  c o n t r i b u t i o n  o f  both m o l e c u l a r  
d i f f u s i o n  and c o n v e c t i v e  d i s t u r b a n c e s  to  t he  caVg _ t r ue
and CS - t r u e -
10 
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Cont act  t ime  (sec)
F i g . ( 5 . 3 . 1 9 )  S ur f a c e  r e s i s t a n c e  ( I I )  as a f u n c t i o n  o f  
t h e  c o n t a c t  t i m e .
      Constant  c o n t a c t  l e n g t h
_________________  Constant  f i l m  Reynolds number
g r a d i e n t  i n  t h e  l i q u i d  f i l m  f o l l o w s .  The c o n c e n t r a t i o n  
changes w i l l  a l t e r  t h e  p h y s i c a l  s i t u a t i o n  a t  t he  i n t e r f a c e ,  
and i t  could be a n t i c i p a t e d  t h a t  i t  w i l l  a f f e c t  t he  s u r f a c e  
r e s i s t a n c e .  As t h e  p h y s i c a l  s i t u a t i o n  a t  t he  i n t e r f a c e  
v a r i e s  w i t h  t i m e ,  t h e  s u r f a c e  r e s i s t a n c e  should v a r y ,  also-,  
w i t h  t h e  c o n t a c t  t i m e .
The i n t e r f a c i a l  r e s i s t a n c e  e x i s t s  p r o b ab l y  as a r e s u l t  
o f  a n o n - e q u i l i b r i u m  c o n d i t i o n ' a t  t he  i n t e r f a c e .  As f r e s h  
l i q u i d  s u r f a c e  i s  exposed t o t h e  gas,  gas d i f f u s e s  towards  
t h e  l i q u i d  f i l m ,  i n c r e a s i n g  t he  s o l u t i o n  c o n e e n t r a t i o n . 
Conse que nt ly ,  t he  s u r f a c e  and b u l k  c o n c e n t r a t i o n s  become 
c l o s e r  t o  t h e  e q u i l i b r i u m  v a l u e ,  which would be expected to  
r e s u l t  in  a decrease  i n  t h e  s u r f a c e  r e s i s t a n c e .
5 . 3 . 3 .  D is c us s i o n  and e v a l u a t i o n  o f  p r e v i o u s l y  p u b l i s h e d  
work
5 . 3 . 3 . 1 .  C onv ec t i ve  d i s t u r b a n c e s  ( a b s o r p t i o n )
Bef ore  t h e  f i n d i n g s  o f  o t h e r  i n v e s t i g a t o r s  are  
c o n s i d e r e d ,  t h e  c onc lu s i ons  drawn f rom t h i s  s t udy  w i l l  be 
r e i t e r a t e d .
As a l r e a d y  di scussed in  s u b s e c t i o n  ( 5 . 3 . 2 . 2 ) ,  the  
e x i s t e n c e  o f  t h e  c o n v e c t i v e  d i s t u r b a n c e s  has been demonst ra t ed  
by the d i f f e r e n c e  between t h e  average c o n c e n t r a t i o n  r e s u l t s  
o b t a i n e d  by t i t r a t i o n  and those o b t a i n e d  from i n t e r f e r o m e t r i c  
s t u d y .  S ince t he  e f f e c t  o f  the se  p e r t u r b a t i o n s  was found a l l  
o v e r  t h e  range o f  c o n t a c t  t ime  s t u d i e d ,  i t  was suggested t h a t  
t hese  d i s t u r b a n c e s  s t a r t  to p r op ag at e  i n s t a n t a n e o u s l y  upon 
exposure o f  the  l i q u i d  t o gas.  I t  i s  b e l i e v e d  t h a t  t h e s e  
d i s t u r b a n c e s  i n  t h e  carbon d i o x i d e / w a t e r  system were buoyancy  
d r i v e n ,  which i s  c onf i rmed by t he  o p t i c a l  b e h a v i o u r  as
di scussed p r e v i o u s l y ,  and a ls o  from t he  study c a r r i e d  out  by 
B l a i r  and Quinn (1 968 )  in  which t he y  found t h a t  CO2 s o l u t i o n  
i s  denser  than w a t e r .
These p e r t u r b a t i o n s  would e x p l a i n  t he  mechanism by which 
t h e  molecul es  would t r a n s f e r  f rom t h e  s u r f a c e  t o  t h e  b u l k  o f  
t h e  l i q u i d ,  f o r  t h e  system under  c o n s i d e r a t i o n  t o  a t t a i n  
e q u i l i b r i u m .  These d i s t u r b a n c e s  could be i n i t i a t e d  by 
s u r f a c e  t e n s i o n  i n s t a b i l i t i e s  (Marangonic  e f f e c t )  o r  d e n s i t y  
i n s t a b i l i t i e s ,  o r  b o t h .
P levan and Quinn (1 966 )  used S c h l i e r e n  photography in  
t h e i r  gas a b s o r p t i o n  s t u d y .  Th is  t e c h n i q u e  was not ca pa bl e  
o f  o b s er v i ng  t he  s m al l  d i s t u r b a n c e s  a s s o c i a t e d  w i t h  C 0 2 / w a t e r  
due t o  t h e  smal l  r e f r a c t i v e  index  d i f f e r e n c e s ,  but  i t  showed 
t he  accumulated d i s t u r b a n c e s  a f t e r  long t i me  i n t e r v a l s  
(~90 s e c ) .  They a ls o  d e t e c t e d  q u i t e  e x t e n s i v e  d i s t u r b a n c e  
f o r  S 0 2 / w a t e r ,  which l ea d them t o suspect  t he  presence o f  
c o n v e c t i v e  e f f e c t s  in  t h e  abs or bi ng  l i q u i d .
Thomas, Khanna and Pa lmer  ( 1972)  demonst ra t ed t h e  
presence o f  t h e  c o n v e c t i v e  d i s t u r b a n c e s ,  which p r op ag at e  
i n s t a n t a n e o u s l y  on a b s o r p t i o n  o f  gas i n  a s t a t i c  pool  o f  
l i q u i d  f o r  the.  C 0 2 / w a t e r  system.  Also i n  l a t e r  work Thomas 
e t  a l  ( 1973)  s t u d i e d  o t h e r  systems,  and showed t h a t  the se  
d i s t u r b a n c e s  e x i s t  i n  t h e  abs or b i ng  s o l u t i o n  p r i o r  to any 
v i s u a l  appearance o f  m a c r o d i s t u r b a n c e s ,  i . e .  t h e y  e x i s t  long  
b e f o r e  d i s r u p t i o n s  o f  t he  s u r f a c e  i t s e l f  occurs o r  l a r g e  
c e l l u l a r  movements become d e t e c t a b l e  by S c h l i e r e n  t e c h n i q u e s .
Thomas and N i c h o l  (1 969 )  and B l a i r  and Quinn ( 1 9 6 9 ) ,  
and o t h e r s  have shown t h a t  m a c r od i s t ur b an ce s  s i m i l a r  t o r o l l  
c e l l s  oc cur  in  a b s o r p t i o n  w i t h  r e a c t i o n .  No e v i d e nc e  was 
found t o suppor t  t he  p r o p o s i t i o n  t h a t  t he y  may oc cur  a l s o  i n
p h y s i c a l  a b s o r p t i o n .  The o p t i c a l  t e c h n i q u e  be ing  used i n  
t h e  p r e s en t  work i s  so s e n s i t i v e  t h a t  any such macro-  
d i s t u r b a n c e s  would be seen to  d i s t u r b  t h e  f r i n g e s .
I t  i s  e v i d e n t  t h a t  the se  i n v e s t i g a t i o n s  add supp or t  to  
t h e  presence o f  the  c o n v e c t i v e  d i s t u r b a n c e s ,  which have 
been demonst ra ted i n  our  s t u d y .  I t  i s  i m p o r t a n t  t o emphasise  
t h a t  t he  d i s t u r b a n c e s  occur  both f o r  s t a t i c  pools  and f l o w i n g  
f i l m s .  They occur  even though o t h e r  d i s t u r b a n c e s  o f  a macro 
n a t u r e  may a l s o  be produced by h y d r a u l i c  o r  t h e r m a l  causes.
5 . 3 . 3 . 2 .  S u r f ac e  r e s i s t a n c e
5 . 3 . 3 . 2 . (a )  T h e o r e t i c a l  e q ua t i o n s  f o r  p r e d i c t i n g  t h e  
s u r f a c e  r e s i s t a n c e
Duda and Vr e nt a s  (1967)  p r e s e n t e d  a s o l u t i o n  o f  t he  
d i f f u s i o n  e q u a t i o n  i n  a s e m i - i n f i n i t e  media w i t h  an a r b i t r a r y  
t i m e - d e p e n d e n t  i n t e r f a c i a l  m a s s - t r a n s f e r  c o e f f i c i e n t .  Th is  
method was then demonst ra t ed by the  s o l u t i o n  o f  two s p e c i f i c  
cases,  f o r  a c on s t a n t  i n t e r f a c i a l  m a s s - t r a n s f e r  c o e f f i c i e n t  
and f o r  a m a s s - t r a n s f e r  c o e f f i c i e n t  d e c r e a s i n g  l i n e a r l y  w i t h  
t i m e  f rom some i n i t i a l  v a l u e .
A b r i e f  account  o f  t h e i r  assumpt ions and t he  e x p r e s s i o n s  
o b t a i n e d  w i l l  be p r e s e n t e d  h e r e .
I t  was assumed t h a t :
( a)  D i f f u s i o n  occurs i n t o  a s t a g n a n t  l i q u i d  o f  
i n f i n i t e  depth;
(b)  t h e  system was i s o t h e r m a l ;
(c )  t h e r e  were no chemica l  r e a c t i o n s ;  and
(d)  t h e r e  was i n s i g n i f i c a n t  phase volume change upon 
mass t r a n s f e r .
The u n s t e a d y - s t a t e  d i f f u s i o n  process can then be 
d es c r i b e d  by t h e  f o l l o w i n g  s e t  o f  e q u a t i o n s :
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Case ( I )  Constant  i n t e r f a c i a l  m a s s - t r a n s f e r  c o e f f i c i e n t :
c o n st a nt ( 5 . 3 . 5 )
The i n s t a n t a n e o u s  i n t e r f a c i a l  m a s s - t r a n s f e r  r a t e  f o r  
t h i s  case i s  g i ve n by Duda and Vr e nt a s  (1967)  as:
kgC* exp
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k 2ts ( 5 . 3 . 7 )
Case ( I I ) A l i n e a r  decrease  o f  t h e  i n t e r f a c i a l  m a s s - t r a n s f e r  
c o e f f i c i e n t  f rom i t s  i n i t i a l  v a l u e :
ks ( t ) ks (o)  -  At ( 5 . 3 . 8 )
The i n s t a n t a n e o u s  i n t e r f a c i a l  m a s s - t r a n s f e r  r a t e  f o r  
t h i s  case i s  g i ve n by Duda and V r e nt a s  (1967)  as:
C* [k ( o ) - A t ]
n=1
[ k s Co)]2t
( 5 . 3 . 9 )
where
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( 5 . 3 . 1 3 )
Equ at i on  ( 5 . 3 . 9 )  can be s i m p l i f i e d  w i t h  t h e  h e l p  o f  t he  
Handbook o f  M a t h e m a t i c a l  F u nc t i ons  by M Abramowitz and 
I  A Stegun ( 1965)  in  o r d e r  t o  f i n d  t h e  v a l ue s  o f  t he  Gamma 
f u n c t i o n  ( G ) .  I n  t he  p r e s e n t  use o f  Duda and V r e n t a s ' s  
e q u a t i o n  t h e  summation o f  e q u a t i o n  ( 5 . 3 . 9 )  to  t he  f o u r t h  t erm  
onl y  i s  c o ns id er ed  ( i . e .  n = 4 ) ,  s i n c e  t he  v a lu es  o f  h i g h e r  
terms approach z e r o .  Hence e q u a t i o n  ( 5 . 3 . 9 )  becomes:
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I t  was dec ided t o d i scuss and examine t he  two cases o f  
a c o n st a nt  i n t e r f a c i a l  m a s s - t r a n s f e r  c o e f f i c i e n t ,  and o f  a 
m a s s - t r a n s f e r  c o e f f i c i e n t  d e c r e a s i n g  l i n e a r l y  w i t h  t ime  
f rom some i n i t i a l  v a l u e ,  i n  t he  l i g h t  o f  our  e x p e r i m e n t a l  
study and o t h e r  i n v e s t i g a t o r s ’ work.
The Duda and Vr e nt a s  ( 1967)  s o l u t i o n  f o r  a c on st a nt  
i n t e r f a c i a l  m a s s - t r a n s f e r  c o e f f i c i e n t ,  i . e .  e q u a t i o n  ( 5 . 3 . 7 ) ,  
was a l so  proposed by Khanna (1971)  and Ray (1 973 )  and 
summarised by Thomas, Khanna and Pa lmer  ( 1 9 7 2 ) ,  and Thomas,  
Ray and Pa lmer  ( 1 9 7 6 ) ,  but  based on comparable e q u a t i o n s  f o r  
heat  t r a n s f e r  developed by Cars law and J a e g e r  ( 1 9 5 9 ) ,  and 
Crank (19 7 0 ) .
The o r i g i n a l  work o f  Cars law and J a e g er  ( 1 9 5 9 ) ,  Crank
( 1 9 7 0 ) ,  and Duda and Vr e nt a s  ( 1 9 6 7 ) ,  each had t o  impose
boundary c o n d i t i o n s  f o r  t h e  s o l u t i o n  o f  t h e  problem.  I t  .
i s  not  c l e a r  t o  what  e x t e n t  t he y  imposed a t i m e  l i m i t  on
t he  a p p l i c a b i l i t y  o f  t h e i r  e q u a t i o n s .  I n  t he  p r e s e n t  work
t he  m a t h e m a t i c a l  s o l u t i o n  was t e s t e d  by s u b s t i t u t i n g  one o f
t he  e x p e r i m e n t a l  v a lu es  o f  the  r a t e  o f  m a s s - t r a n s f e r ,  J ,a
t o  f i n d  t he  cor r es po ndi ng  v a l u e  o f  t h e  i n t e r f a c i a l  mass-  
t r a n s f e r  c o e f f i c i e n t .  I t  was found t h a t  t h i s  s o l u t i o n ,  
e q u a t i o n  ( 5 . 3 . 7 ) ,  f o r  t h e  i n t e r f a c i a l  m a s s - t r a n s f e r  
c o e f f i c i e n t  d e t e r mi n e d ,  holds o n ly  f o r  a v er y  s h o r t  c o n t a c t  
t i m e ,  i . e .  t  < 0 . 1  sec.
Thomas, Khanna and Pa lmer  ( 1 9 7 3 ) ,  who c a r r i e d  out  
s t u d i e s  on a b s o r p t i o n  o f  carbon d i o x i d e  i n t o  a s t a t i c  w a t e r  
p o o l ,  examined e q u a t i o n  ( 5 . 3 . 7 ) .  Using a b i r e f r i n g e n t  
i n t e r f e r o m e t e r ,  t he y  were a b l e  t o measure o p t i c a l l y  t he  
s u r f a c e  c o n c e n t r a t i o n  and hence were a b l e  t o examine  
e q u a t i o n  ( 5 . 3 . 7 ) .  They found t h a t  t he  s u r f a c e  r e s i s t a n c e
c a l c u l a t e d  t h i s  way,  i . e .  f rom the e x p e r i m e n t a l  measurements  
o f  C-g_ and e q u a t i o n  ( 5 . 3 . 7 ) ,  was a f u n c t i o n  o f  t i m e .
A l s o ,  Thomas, Ray and Pa lmer  (1976)  examined e q u a t i o n  ( 5 . 3 . 7 )  
f o r  t h e  case o f  a b s o r p t i o n  o f  carbon d i o x i d e  i n t o  f l o w i n g  
w a t e r  f i l m .  They came t o  the same c o n c l u s i o n  t h a t  t he  
s u r f a c e  r e s i s t a n c e  i s  a f u n c t i o n  o f  t i m e .  Th i s  was the  
r e s u l t  a ls o  o f  t he  p r e s e n t  e x p e r i m e n t a l  s t u d i e s ,  and the  
use o f  e q u a t i o n  ( 5 . 3 . 7 )  where kg i s  assumed c o n s t a n t ,  i s  
d o u b t f u l .
The e x a m i n a t i o n  o f  the  second case i s r f d r : i n t e r f a c i a l  
m a s s - t r a n s f e r  d ec r e a s i n g  l i n e a r l y  w i t h  t ime  f rom some 
i n i t i a l  v a l u e .  Th is  was c a r r i e d  out  by comparing our  
e x p e r i m e n t a l  v a lue s  o f  t he  i n t e r f a c i a l  s u r f a c e  r e s i s t a n c e  
o b t a i n e d  by using e q u a t i o n  ( 5 . 3 . 1 ) (b)  w i t h  t h e  t h e o r e t i c a l  
p r e d i c t i o n s .  I t  was necessary  t o f i n d  t he  v a l u e  o f  ’ A ’ 
( e q u a t i o n  ( 5 . 3 . 8 ) )  i n  o r d e r  to o b t a i n  the  t h e o r e t i c a l  
p r e d i c t i o n s  o f  t h e  s u r f a c e  r e s i s t a n c e .  Using t he  e x p e r i ­
me nt a l  v a lue s  o f  3 f o r  Rer = 2 0 4 . 0 ,  a t  t  = 0 ,  5 . 0  and 1 0 . 0a r
sec ,  and e q u a t i o n  ( 5 . 3 . 1 4 ) ,  a v a l u e  f o r  ’ A ’ could be
d et e r mi n e d .  I t  was observed t h a t  a c o n st a nt  v a l u e  o f  'A'
was o b t a i n a b l e  f o r  c o n t a c t  t ime  l es s  than 0 .1  sec a f t e r
which ’ A ’ v a r i e d .  As a r e s u l t ,  an average v a l u e  f o r  'A*
- 1»
was o b t a i n e d  between 1 and 10 sec,  v i z .  A = - 1 4 . 8  x 10 
This  v a l ue  o f  ’ A ’ was then s u b s t i t u t e d  i n t o  e q u a t i o n  ( 5 . 3 . 8 )  
i n  o r d e r  to f i n d  t h e  i n t e r f a c i a l  m a s s - t r a n s f e r  c o e f f i c i e n t  
a t  d i f f e r e n t  c o n t a c t  t i m e s .
A comparison between t he  e x p e r i m e n t a l  v a l ue s  o f  t he  
s u r f a c e  r e s i s t a n c e  ( 1 / ^  ) ^ j  as o b t a i n e d  f rom e q u a t i o n  
( 5 . 3 . 1 ) (b)  and the t h e o r e t i c a l  p r e d i c t i o n s  as c a l c u l a t e d  
f rom e q u a t i o n  ( 5 . 3 . 8 )  i s  shown in  F i g . ( 5 . 3 . 2 0 ) .  A complete
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F i g . ( 5 . 3 . 2 0 )  Comparison between t he  e x p e r i m e n t a l  and 
t h e o r e t i c a l  p r e d i c t i o n s  of  t he  s u r f a c e  r e s i s t a n c e  as a 
f u n c t i o n  o f  t he  c o n t a c t  t i me  a t  Rep = 204.
di sagr eement  was obser ved j  w h i l e  t he  e x p e r i m e n t a l  v a l ue s  
decrease  f rom 10 . 0  x 102 to 8 . 0  x 102 sec/cm a f t e r  a c o n t a c t  
t i m e  o f  ~ 1 1 . 0  sec,  t h e  t h e o r e t i c a l  v a lu es  drop from  
1 0 . 0  x 102 t o 2 . 0  x 1 0 2 sec/cm w i t h i n  3 sec o f  t he  c o n t a c t  
t i m e .  Th is  d isagr eement  may be a t t r i b u t e d  t o  t he  e x i s t e n c e  
o f  p e r t u r b a t i o n s ,  o r  c o n v e c t i v e  d i s t u r b a n c e s ,  which we 
suspect  s t a r t  to  deve lop s i m u l t a n e o u s l y  w i t h  t h e  d i f f u s i o n  
p r o ce s s .  Due t o  p e r t u r b a t i o n s  t he  s o l u t e  would t r a n s f e r  
deeper  i n t o  t h e  b u l k  o f  the  l i q u i d ,  which i n  t u r n  would  
decrease  the s u r f a c e  c o n c e n t r a t i o n ,  i . e .  i n c r e a s e  t he  d r i v i n g  
f o r c e  across t he  i n t e r f a c e .  As a r e s u l t ,  t he  s u r f a c e  
c o n c e n t r a t i o n  would not  approach t h e  e q u i l i b r i u m  v a l u e  as 
f a s t  as p r e d i c t e d  by pure m o l e c u l a r  d i f f u s i o n .  The q u e s t i o n ,  
t h e r e f o r e ,  a r i s e s  as t o t h e  v a l i d i t y  o f  us ing e q ua t i o ns  
( 5 . 3 . 7 )  and ( 5 . ' 3 . 8 )  which are  based on e q u a t i o n  ( 5 . 3 . 2 )  f o r  
pure m o l e c u l a r  d i f f u s i o n  o n l y .
5 . 3 . 3 . 2 . ( b )  S ur f ac e  r e s i s t a n c e  and accommodation c o e f f i c i e n t
When c o n s i d e r i n g  m a s s - t r a n s f e r .  through an i n t e r f a c e  
s e p a r a t i n g  two phases,  i t  i s  common chemica l  e n g i n e e r i n g  
p r a c t i c e  t o  assume t h a t  t h e r e  e x i s t s  a c o n d i t i o n  o f  t h er mo ­
dynamic e q u i l i b r i u m  a t  t h e  phase boundary .  However,  t h i s  
c o n d i t i o n  i s  s t r i c t l y  v a l i d  on ly  when t h e  e n t i r e  system has 
come t o  e q u i l i b r i u m .  The e x i s t e n c e  o f  a n o n - e q u i l i b r i u m  
c o n d i t i o n  a t  the  i n t e r f a c e  may appear'  as an e x t r a  r e s i s t a n c e  
t o  m a s s - t r a n s f e r ,  and t h i s  i n t e r f a c i a l  r e s i s t a n c e  may be 
c o n v e n i e n t l y  d e s c r i b e d  in  terms o f  an i n t e r f a c i a l  mass-  
t r a n s f e r  c o e f f i c i e n t  d e f i n e d  by the  f o l l o w i n g  e q u a t i o n :
J = k ( C * - C c ) ( 5 . 3 . 1 5 )a s b
However,  t he  r a t e  o f  a b s o r p t i o n  i s  governed by t he  
r a t e  a t  which molecul es  o f  t h e  gas s t r i k e  and l e a v e  t he  
l i q u i d  s u r f a c e .  Th is  r a t e  of  c o l l i s i o n  o f  t he  gas molecul es  
w i t h  t h e  s u r f a c e  i s  r e a d i l y  c a l c u l a t e d  f rom k i n e t i c  t h e o r y ,  
and i s  r e l a t e d  t o  t h e  i n t e r f a c i a l  r e s i s t a n c e  by t h e  Knudsen 
( 1915)  e q u a t i o n  o f  t he  form:
These e qu a t i o n s  are  summarised by Danckwerts ( 1970)  
and more r e c e n t l y  by Sherwood, P i g f o r d  and W i lk e  ( 1 9 7 5 ) .
At tempts  have been made by s e v e r a l  workers  ( e . g .  Emmert 
and P i g f o r d ,  ( 1954) )  t o  examine t he  accommodation c o e f f i c i e n t  
to  see i f  i t  l eads  to a b e t t e r  u n de rs t a n d i n g  o f  t he  n a t u r e  
o f  t he  s u r f a c e  r e s i s t a n c e .  Th is  assumes t h a t  t h e r e  i s  a 
s u r f a c e  r e s i s t a n c e  and t h a t  i t  can be r e l a t e d  t o a ’ . Th i s  
i s  not  c e r t a i n .  An e x am i n a t i o n  o f  some o f  these  
i n v e s t i g a t i o n s  was made i n  t h e  l i g h t  o f  our  e x p e r i m e n t a l  
f i n d i n g s .
Emmert and P i g f o r d  ( 1954)  i n v e s t i g a t e d  the  accommodation  
c o e f f i c i e n t .  In  t h e i r  a n a l y s i s ,  t h e  s u r f a c e  r e s i s t a n c e  was 
accounted f o r  by a s impl e  s e r i e s  r e s i s t a n c e  f o r m u l a :
The v a l u e  o f  k^ was o b t a i n e d  f rom t he  e q u a t i o n  p r e s e n t e d  by 
P i g f o r d  ( 1 9 4 1 ) ,  i n  which i n t e r f a c i a l  c o n c e n t r a t i o n  was 
assumed t o  be c o n s t a n t ,  i . e .  c o n s t a n t  s u r f a c e  r e s i s t a n c e .  
Using t he  e x p e r i m e n t a l  r e s u l t s  and the  t h e o r e t i c a l  e q u a t i o n ,  
v a l ue s  o f  k 0 were o b t a i n e d .  Employing t h i s  t e c h n i q u e ,  t he
k a ’ H ( 5 . 3 . 1 6 )n
o v e r a l l  m a s s - t r a n s f  e r  c o e f f i c i e n t ,  and e q u a t i o n  ( 5 . 3 . 1 7 ) ,
Emmert and P i g f o r d  o b t a i n e d  kg v a lue s  and c o ns eque nt l y  
c a l c u l a t e d  t h e  accommodation c o e f f i c i e n t .  Th is  procedure  
can on l y  be c o ns id er ed  as’ an a p p r o x i m a t i o n .
O th er  workers  such as Chiang and Toor  ( 1 9 5 9 ) ,  and 
Raimondi  and Toor  ( 1959)  i n v e s t i g a t e d  t he  p o s s i b i l i t y  o f  a 
s u r f a c e  r e s i s t a n c e ,  c ons e qu en t l y  using e q u a t i o n  ( 5 . 3 . 1 6 )  t o  
f i n d  the  accommodation c o e f f i c i e n t .  They were not  s u c c e s s f u l .  
This  may have been due to f a u l t  i n  e x p e r i m e n t a l  t e c h n i q u e s .
The p r a c t i c a l  a p p l i c a t i o n  o f  e q u a t i o n  ( 5 . 3 . 1 6 )  r e q u i r e s  
v a lu es  o f  the accommodation c o e f f i c i e n t ,  but  s in ce  t h e r e  i s  
no u s e f u l  t h e o r y  to employ in p r e d i c t i n g  a ’ , e q u a t i o n
( 5 . 3 . 1 6 )  cannot  be used f o r  c a l c u l a t i n g  s u r f a c e  r e s i s t a n c e ,  
though i t  i s  p o s s i b l e  to employ t h e  e x p e r i m e n t a l  v a l u e s  o f  
t he  s u r f a c e  r e s i s t a n c e  o b t a i n e d  i n  t h e  p r e s e n t  s tudy t o  
de te rmi ne  the accommodation c o e f f i c i e n t  a ' .
5 . 3 . 4 .  De so r p t i o n  s tudy
5 . 3 . 4 . 1 .  Genera l  d i s c u s s i o n  o f  the  o p t i c a l  b e h a v i o u r  
d ur ing  t he  d e s o r p t i o n  process
From the  e x p e r i e n c e  ga ined i n  gas a b s o r p t i o n ,  i t  was 
e s t a b l i s h e d  t h a t  b e f o r e  a b s o r p t i o n  a c l e a r  i n t e r f e r e n c e  
p a t t e r n  could be o b t a i n e d  w i t h  a s h a r p - i n t e r f a c e ,  t he  
p o s i t i o n  o f  which coul d then be e s t a b l i s h e d .  Gas a b s o r p t i o n  
was accompanied by a bend i n  t he  f r i n g e s  near  the i n t e r f a c e ,  
and the i n t e r f a c e  was no l o n g e r  s h a rp .
S i m i l a r  e f f e c t s  were a n t i c i p a t e d  f o r  gas d e s o r p t i o n .
Th is  was found not to be so.  B e f o re  d e s o r p t i o n  b e g i n s ,  the  
s o l u t i o n  o f  carbon d i o x i d e  in  w a t e r  g i v es  a c l e a r ,  sharp  
i n t e r f a c e  and i n t e r f e r o g r a m .  As soon as gas i s  desorbed
across  t h e  i n t e r f a c e  a s l i g h t l y  d i s t o r t e d  f r i n g e  p i c t u r e  i s  
s e t  up.  On s to pp i ng  t he  gas d e s o r p t i o n ,  a sharp i n t e r f a c e  
and i n t e r f e r o g r a m s  are  r e - e s t a b l i s h e d .  The r e s u l t  o p t i c a l l y  
i s  r e v e r s i b l e  and r e p r o d u c i b l e .  A s e r i e s  o f  p h o t o g r a p h i c  
s t i l l s  a re  shown i n  F i g . ( 5 . 3 . 2 1 ) ,  which show t h e  f r i n g e  
p a t t e r n  b e f o r e  and a f t e r  d e s o r p t i o n  and t he  d i s t o r t i o n  i s  
e v i d e n t  e s p e c i a l l y  i n  C c 3, F i g . ( 5 . 3 . 2 1 ) .
Checking and r e a d j u s t i n g  the  o p t i c a l  system showed t h a t  
the  d i s t o r t i o n  phenomenon was r e p r o d u c i b l e .  I t  coul d on l y  
be concluded t h a t  i n  some way t he  p h y s i c a l  c o n d i t i o n  a t  t h e  
i n t e r f a c e  was r e s p o n s i b l e  f o r  t h e  d i s t o r t i o n .
I t  was decided t h a t  t h i s  phenomenon ’ d i s t o r t i o n  in  t he  
i n t e r f e r o g r a m s ’ could be due t o l i g h  d e f l e c t i o n  caused by a 
r e f r a c t i v e  index  g r a d i e n t .
S i m i l a r  d i s t o r t i o n  was o b t a i n e d  by Beach,  M u l l e r  and 
Tobias  ( 1 9 7 3 ) ,  and McLarnon,  M u l l e r  and Tobias  ( 1 9 7 5 ) .
They put  f o r wa r d  a p h y s i c a l  reason f o r  t h i s  b e h a v i o u r  (which  
t he y  c a l l e d  l i g h t  d e f l e c t i o n ,  o r  r e f r a c t i o n ) . They e x p l a i n e d  
t h a t  l i g h t  d e f l e c t i o n  ( o r  r e f r a c t i o n )  occurs i n  a r e f r a c t i v e  
index  f i e l d ,  and i s  due to t he  dependence o f  p r o p a g a t i o n  
v e l o c i t y  on t h e  r e f r a c t i v e  i n d e x .  I f  t he  system were to be 
c o m p l e t e l y  homogeneous t h e r e  would be no l i g h t  d e f l e c t i o n  o r  
d e v i a t i o n  f rom s t r a i g h t  l i n e .  However, ,  i f  t h e r e  i s  a 
r e f r a c t i v e  index  g r a d i e n t ,  d i f f e r e n t  e lements  o f  wave f r o n t  
Wi advanced a t  d i f f e r e n t  r a t e s ,  F i g . (5 . 3 . 2 2 ) ,  a t i l t e d  wave 
f r o n t  W2 r e s u l t s  a f t e r  a d i s t a n c e  dx i s  t r a v e r s e d .  
• Co r re sp o nd i ng l y ,  t h e  o r i g i n a l  p r o p a g a t i o n  d i r e c t i o n ,  i n d i c a t e d  
by t he  wave normal  Ni i s  changed to N2 . As a r e s u l t  o f  the  
change i n  t he  d i r e c t i o n  o f  p r o p a g a t i o n ,  t he  l i g h t  p r o p a g a t i n g  
o r i g i n a l l y  a long a s t r a i g h t  l i n e  t hrough t he  specimen w i l l
(b)
(c)
Fi  g . L5
D e s o r p t i o n  IMo d e s o r p t i o n
D i l u t e  s o l u t i o n  - p o s i t i o n  along c e l l  = 40 . 0  cm
D esorpt i on  No d e s o r p t i o n
S a t u r a t e d  s o l u t i o n  - p o s i t i o n  along c e l l  = 4 0 . 0
Des orp t i on  No d e s o r p t i o n
S a t u r a t e d  s o l u t i o n  - p o s i t i o n  along c e l l  = 68 . 0
. 3 . 2 1 )  F r in g e  p a t t e r n s  f o r  d e s o r p t i o n  of  C02 f rom  
f l o w i n g  l i q u i d  f i 1 m s . Rep = 439.
cm
cm

W! W2
dx
dy
F i g . C 5 . 3 . 2 2 )
L i g h t  d e f l e c t i o n  i n  a r e f r a c t i v e - i n d e x  f i e l d  due t o  l o c a l  
v a r i a t i o n  o f  r e f r a c t i v e  index n. A wave f r o n t  becomes 
t i l t e d  t o  ^2 a f t e r  an i ncr ement  t o  t r a v e l  d x . The 
a s s o c i a t e d  p r o p a g a t i o n  d i r e c t i o n  N,j i s  changed t o l N ^ -
d e v i a t e .  Th is  d e v i a t i o n  f rom s t r a i g h t  l i n e  p r o p a g a t i o n  
thr ough t h e  specimen causes d i s t o r t i o n  as w i l l  be i l l u s t r a t e d .
I n  ou r  case i t  i s  known t h a t  a f r e s h l y  made CO2 s o l u t i o n  
has a l o w e r  r e f r a c t i v e  in'dex than w a t e r  (Watson ( 1 9 5 4 ) ) .  
T h e r e f o r e ,  as t h e  carbon d i o x i d e  desorbs f rom the  l i q u i d  
f i l m ,  a c o n c e n t r a t i o n  g r a d i e n t  w i l l  be e s t a b l i s h e d ,  which i s  
more pronounced near  t o  t h e  i n t e r f a c e  and such t h a t  t he  
c o n c e n t r a t i o n  a t  the  s u r f a c e  w i l l  be l es s  than t h a t  f a r  f rom  
t he  i n t e r f a c e .  Cons eque nt l y ,  t h e r e  w i l l  be a r e f r a c t i v e  
index  g r a d i e n t  i n  which t he  s u r f a c e  w i l l  have a c q u i r e d  a 
g r e a t e r  r e f r a c t i v e  index  than t he  b u l k  o f  t he  l i q u i d  f i l m .
As a r e s u l t ,  t he  l i g h t  beam passing through t h e  l i q u i d  f i l m  
w i l l  be d e f l e c t e d  ( o r  r e f r a c t e d ) ,  i . e .  d e v i a t e d  f rom s t r a i g h t  
l i n e  p r o p a g a t i o n .  Th i s  d e v i a t i o n  i s  the  reason f o r  t he  
d i s t o r t i o n  i n  t h e  i n t e r f e r o g r a m s  observed d u r i n g  d e s o r p t i o n  
study a t  p o s i t i o n  5 „a long the c e l l ,  i . e .  6 8 . 0  cm f rom t he  
i n l e t .
I t  was concluded t h a t  i f  t he  i n t e r f e r o m e t e r  was a d j u s t e d  
a t  t h e  f i r s t  p o s i t i o n  a long t he  c e l l ,  i . e .  14 . 5  cm f rom t he  
i n l e t ,  and f o r  d i l u t e  i n l e t  s o l u t i o n ,  the  c o n c e n t r a t i o n  
g r a d i e n t  would be v e r y  s m a l l .  C ons e que nt l y ,  t h e r e  w i l l  be a 
s m al l  r e f r a c t i v e  index  g r a d i e n t ,  and as a r e s u l t  t h e  l i g h t  
d e f l e c t i o n  e f f e c t  would be much s m a l l e r .  Th is  has been 
demonst rated as shown i n  F i g . ( 5 . 3 . 2 1 ) ( a ) , (b)  and ( c ) ,  
which c o n f i r m  the l i g h t  d e f l e c t i o n  phenomenon.
I t  was dec ided to c o n f i r m  t h e  o p t i c a l  b e h a v i o u r ,  i . e .  
t he  d i s t o r t i o n  o f  t h e  i n t e r f e r o g r a m s  d u r i n g  the  d e s o r p t i o n  
pr oc es s,  by examining t h e  c o n c e n t r a t i o n  g r a d i e n t  f o r  both  
a b s o r p t i o n  and d e s o r p t i o n  as p r e d i c t e d  f rom t h e o r e t i c a l  
Model ( I I ) ,  S e c t i o n  ( 2 . 3 ) ,  which c o ns e qu en t l y  w i l l  e s t a b l i s h
t he  r e f r a c t i v e  index g r a d i e n t  i n  t he  l i q u i d  f i l m .  These 
a n a ly se s  were c a r r i e d  out  as f o l l o w s :
Case CD
A b s or p t i o n  (Model  ( I I ) ,  s u b s e c t i o n  ( 2 . 3 . 1 ) )
Angle o f  i n c l i n a t i o n  1G 
1st  c e l l  -  c o n t a c t  l e n g t h  = 9 2 . 0  cm 
F i l m  Reynolds number (Rep) = 5 10 . 3  
L i q u i d  f i l m  t h i c k n e s s  = 0 . 1 3 1 2  cm 
From the  second o r d e r  p o l y n o m i a l  a p p r o x i m a t i o n  an 
e x p r e ss i o n  f o r  ’ C’ , e q u a t i o n  ( 2 . 4 4 ) ,  which i s  t he  c o n c e n t r a t i o n  
o f  the  s o l u t e  a t  any p o i n t  in  t h e  l i q u i d  f i l m  a t  t he s e  
c o n d i t i o n s  i s  g i ve n by:
z
C = 0 . 4 3 0 3 7 7  | 0- -^ 312' -  0 . 7 0 2 0 7 1 ]  g m o l / l i t r e
C = 0 . 0  when y £ 0 . 0921 cm 
Case ( I I )
D es o r p t i o n  (Model  ( I I ) ,  s u b s e c t i o n  ( 2 . 3 . 2 ) )
Angle o f  i n c l i n a t i o n  1°
1s t  c e l l  -  c o n t a c t  l e n g t h  = 9 2 . 0  cm 
Fi l m  Reynolds number (Rep) = 5 1 0 . 3
L i q u i d  f i l m  t h i c k n e s s  = 0 . 1 3 1 2  cm
An e x p re ss io n  f o r  * C * ,  t he  c o n c e n t r a t i o n  of  t he  s o l u t e  
a t  any p o i n t  in  t h e  l i q u i d  f i l m  a t  t hese  c o n d i t i o n s ,  
e qu at i o n  ( 2 . 6 1 ) ,  would be g i ve n  by:
C = 0.038201 - 0.430377 | " 0-702071] gmol/litre
C = 0 .036201  when y < 0 . 0 9 2 1  cm
A p l o t  of  t h e  c o n c e n t r a t i o n  p r o f i l e  f o r  the  two cases  
i s  shown i n  F i g . ( 5 . 3 . 2 3 ) .  I t  i s  c l e a r  t h a t :
( a )  Fo r  a b s o r p t i o n ,  t h e r e  i s  a c o n c e n t r a t i o n  g r a d i e n t ,  and 
t h e  c o n c e n t r a t i o n  of  CO2  a t  t he  i n t e r f a c e  i s  h i g h e r  than any 
o t h e r  p o i n t  i n s i d e  t he  l i q u i d  f i l m .  As a r e s u l t  o f  the  
c o n c e n t r a t i o n  g r a d i e n t ,  a r e f r a c t i v e  index  g r a d i e n t  w i l l  be 
e s t a b l i s h e d ,  such t h a t  i t  has a l o w er  r e f r a c t i v e  index  a t  the  
i n t e r f a c e  than i n  t h e  b u l k .  Th is  i s  because t he  r e f r a c t i v e  
index  decreases as t he  CO2 c o n c e n t r a t i o n  i n c r e a s e s  (Watson  
( 1 9 5 4 ) ) .  I n  t h i s  s i t u a t i o n ,  i f  t he  l i g h t  i s  d e f l e c t e d ,  i t  
would d e f l e c t  towards t h e  bottom o f  t h e  l i q u i d  f i l m  and not  
out  of  t h e  l i q u i d  f i l m .  Cons eque nt l y ,  i t  would be expected  
t h a t  t he  i n t e r f a c e  would not  be w e l l  d e f i n e d  but  t he  e f f e c t  
of  d i s t o r t i o n  would be m i n i m a l .  Th is  was obser ved .
(b)  For  d e s o r p t i o n ,  t h e r e  i s  a c o n c e n t r a t i o n  g r a d i e n t ,  but  
t he  c o n c e n t r a t i o n  o f  CO2 a t  t h e  i n t e r f a c e  i s  l es s  t han any 
o t h e r  p o i n t  i n s i d e  the l i q u i d  f i l m .  Hence,  t h e r e  w i l l  be
a r e f r a c t i v e  index g r a d i e n t ,  but  i t  w i l l  d i f f e r  f rom t h a t  of  
a b s o r p t i o n ,  i . e .  t h e  r e f r a c t i v e  index  a t  t he  i n t e r f a c e  i s  
h i g h e r  than any o t h e r  p o i n t  i n s i d e  t he  l i q u i d  f i l m .  Th is  
would d e f l e c t  t h e  l i g h t  towards the  i n t e r f a c e  out  o f  t he  
l i q u i d  f i l m ,  which cause d i s t o r t i o n s  o r  d i s a p p e ar a n ce  o f  p a r t  
of  the  i n t e r f e r o g r a m s  c l o s e  to the i n t e r f a c e .
I t  i s  concluded from t he  above d i s c u s s i o n  t h a t  t he  
d i s t o r t i o n s  or  d e f l e c t i o n s  observed were due t o  t h e  changes  
in  t he  p h y s i c a l  s i t u a t i o n  of  t he  l i q u i d  f i l m  d u r i n g  t h e  mass 
t r a n s f e r  across t h e  i n t e r f a c e .  These d i s t o r t i o n s  o r  
d e f l e c t i o n s  caused d i sapp ear anc e  o f  p a r t  o f  the  i n t e r f e r o g r a m  
o r  complete  d i s t o r t i o n ,  depending on t he  c o n c e n t r a t i o n
co
or
di
na
te
 
ax
is
, 
no
rm
al
 
to 
th
e 
d
ir
e
c
ti
o
n
 
bu
lk
 
fl
o
w
, 
m
ea
su
re
d 
fro
m
 
th
e 
bo
tt
om
 
(c
m
)
I n t e r f a c e
.13
.12
. 11
. 10
-  — | }
.09
.08
.07
> 4 -  - O
.06
.05
04
0 . 0 30. 01 0 . 0 2o . o
C o n c e n t r a t i o n  ( g m o l / l i t r e )
F i g . ( 5 . 3 . 2 3 )  C o n c e n t r a t i o n  p r o f i l e  f o r  a b s o r p t i o n  and 
d e s o r p t i o n  in the  d i f f u s i o n  boundary l a y e r  as p r e d i c t e d  
using t h e o r e t i c a l  model ( I I )  f o r  the  case s t u d i e d ,  i . e .  
Angle 1Qj c o n t a c t  l e ng t h  = 9 2 . 0  cm* Rep - 51 0 . 3  
□ A b s o r p t i o n j  B D es o rp t i o n
g r a d i e n t ,  f o r  d e s o r p t i o n  which make i t  i m p o s s i b l e  t o o b t a i n  
any o p t i c a l  measurements.  For  a b s o r p t i o n  by p r o p e r  a d j u s t ­
ment of  t h e  o p t i c a l  system t hese  e f f e c t s  could be min i mi sed  
and a n a l y s i s  o f  t h e  f r i n g e  s h i f t  could be made.
5 . 3 . 4 . 2 .  D is c us s i o n  and c o nc lu s io ns  f rom t he  o p t i c a l  
b e h a v i o u r  o f  t h e  d e s o r p t i o n  process and from 
p r e v i o u s l y  p u b l i s h e d  work
5 . 3 . 4 . 2 . ( a)  Con ve c t i ve  d i s t u r b a n c e s  ( D e s o r p t i o n )
I t  i s  concluded f rom t h e  o p t i c a l  b e h a v i o u r  o f  t he  
d e s o r p t i o n  process t h a t  as t he  s o l u t e  desorbs f rom t he  l i q u i d  
f i l m ,  t h e  l a y e r  ne ar  the  s u r f a c e  becomes l i g h t e r  than the  
b u l k .  Th is  c o n c l u s i o n  i s  c onf i rmed by t he  work done by 
B l a i r  and Quinn ( 1962)  i n  which t he y  found t h a t  CO2 s o l u t i o n s  
a re  denser  than w a t e r .
Th is  e x p e r i m e n t a l  f a c t  leads t o  the  c o n c l u s i o n  t h a t  t h e  
process o f  d e s o r p t i o n  o f  C02 f rom w a t e r  i s  s t a b l e  w i t h  r e s p e c t  
t o  buoyancy f o r c e s ,  i . e .  t he  d e n s i t y  d r i v e n  c o n v e c t i v e  
d i s t u r b a n c e s  are  a b s e n t .  The absence o f  the se  d i s t u r b a n c e s  
d u r i n g  t he  d e s o r p t i o n  o f  carbon d i o x i d e  may be one of  t he  
reasons why the  r a t e  o f  a b s o r p t i o n  i s  g r e a t e r  than t h e  r a t e  
o f  d e s o r p t i o n  as observed i n  s u b s e c t i o n  ( 5 . 2 . 5 ) .  Emmert and 
P i g f o r d  ( 1954)  in  t h e i r  i n v e s t i g a t i o n  found a l s o  t h a t  the  
r a t e  o f  a b s o r p t i o n  was h i g h e r  than the r a t e  o f  d e s o r p t i o n  f o r  
t h e  C02- w a t e r  system.  They a t t r i b u t e d  t h i s  d i f f e r e n c e  t o  t he  
i n t e r f a c i a l  r e s i s t a n c e ,  i . e .  the  i n t e r f a c i a l  r e s i s t a n c e  f o r  
a b s o r p t i o n  i s  d i f f e r e n t  f rom t h a t  f o r  desor pt ion . ,  but  t he y  
gave no o t h e r  reasons f o r  t h i s  d i f f e r e n c e .  •
I t  i s  c l e a r  f rom the p r e s e n t  s tudy t h a t  t he  mechanism 
of  p h y s i c a l  a b s o r p t i o n  i s  d i f f e r e n t  f rom t h a t  o f * t h e  p h y s i c a l  
d e s o r p t i o n ,  and they  are  not a m i r r o r  image o f  each other . .
A l s o ,  t h a t  the se  c o n v e c t i v e  d i s t u r b a n c e s  could be i n i t i a t e d  
by s u r f a c e  t e n s i o n  e f f e c t s ,  'Marangoni  i n s t a b i l i t y ' ,  and 
t h e r e  could be an i n t e r a c t i o n  between t h i s  Marangoni  and 
buoyancy e f f e c t s  but  i t s  p r e c i s e  n a t u r e  i s  obscur e .
5 . 3 . 4 . 2 . ( b )  S ur f a c e  r e s i s t a n c e
Due t o  t h e  d i s t o r t i o n s  observed i n  t he  i n t e r f e r o g r a m s  
d u r i n g  t he  d e s o r p t i o n  pr oc e ss ,  i t  was not  p o s s i b l e  to  
measure w i t h  any accuracy  t he  s u r f a c e  c o n c e n t r a t i o n  and 
c o ns eque nt ly  t he  s u r f a c e  r e s i s t a n c e .  The d e f l e c t i o n s  were  
due t o  t h e  e s t a b l i s h e d  c o n c e n t r a t i o n  g r a d i e n t  i n  t h e  l i q u i d  
f i l m ,  which has i t s  lowest  v a l u e  a t  t h e  i n t e r f a c e .  I t  i s  
suspected t h a t  t h e  s u r f a c e  w i l l  have a c o n c e n t r a t i o n  which  
i s  h i g h e r  than t he  e q u i l i b r i u m  v a l ue  o f  t h e  p a r t i a l  p r e ss ur e  
o f  t he  s o l u t e  i n  t h e  gas phase.  This  may be v er y  low,  i n  
which case Cg 0, but  i s  ne ve r  a c t u a l l y  z e r o .
A s u r f a c e  r e s i s t a n c e  f o r  d e s o r p t i o n  p ro b ab l y  e x i s t s  and 
i t  can be c h a r a c t e r i s e d  by an e q u a t i o n  s i m i l a r  t o a b s o r p t i o n :
dM.
   = ( C~- C* )
d t  s s
Here C* may o r  may not be z e r o .
The d edu ct i on  o f  a presence o f  a s u r f a c e  r e s i s t a n c e  f o r  
d e s o r p t i o n  can be made as f o l l o w s :
(1)  Thomas e t  a l  ( 1972)  s t u d i e d  t h e  a b s o r p t i o n  o f  carbon  
d i o x i d e  i n  a s t a t i c  w a t e r  p o o l .  They found t h a t  a 
C0 2 “w a t e r  i n t e r f a c e  o f f e r s  a r e s i s t a n c e  t o  carbon d i o x i d e  
a b s o r p t i o n .
(2 )  A measurable s u r f a c e  r e s i s t a n c e  was found i n  t h i s  
i n v e s t i g a t i o n  ( s u b s e c t i o n  ( 5 . 3 . 2 . 4 ) )  f o r  C02 a b s o r p t i o n
i n  a f l o w i n g  l i q u i d  f i l m .
( 3 )  C o n c e n t r a t i o n  g r a d i e n t s  were t r a c e a b l e  f o r  carbon  
d i o x i d e  a b s o r p t i o n  i n t o  a f l o w i n g  w a t e r  f i l m  ( see  
s u b s e c t i o n  ( 5 . 3 . 2 . 1 ) / ) ,  i n  p a r a l l e l ;  f o r  d e s o r p t i o n ,  
t h e  l i g h t  d e f l e c t i o n  phenomenon, as shown, was due to  
t he  presence o f  a c o n c e n t r a t i o n  g r a d i e n t .
(4 )  Thomas and Ray ( 1975)  demonst ra ted t h e  presence o f  a 
s u r f a c e  r e s i s t a n c e  f o r  d e s o r p t i o n  of  carbon d i o x i d e  
f rom a s t a t i c  w a t e r  p o o l ,  which was much s m a l l e r  i n  
magni tude than t h a t  o f  a b s o r p t i o n .  I n  t h e i r  
i n v e s t i g a t i o n s ,  they  were a b l e  t o t r a c e  t he  f r i n g e s  t o  
t he  i n t e r f a c e ,  w i t h o u t  d e f l e c t i o n  o r  d i s t o r t i o n  
o b s t r u c t i o n .  Th is  may be because e f f e c t s  o f  l i g h t -  
d e f l e c t i o n  r a p i d l y  i n c r e a s e  w i t h  i n c r e a s i n g  c e l l  
dimension ( i n  t h e  d i r e c t i o n  o f  l i g h t  p r o p a g a t i o n )  and 
r e f r a c t i v e - i n d e x  g r a d i e n t .  I n  t h e i r  case ,  the  c e l l  
dimension ( i n  t h e  d i r e c t i o n  o f  l i g h t  p r o p a g a t i o n )  i s  
a p p r o x i m a t e l y  o n e - t h i r d  o f  t h e  c e l l  used i n  t h e  p r e s e n t  
s t u d y .
From t h e  above s t u d i e s ,  i t  i s  r e a s o n a b l e  t o e xpe ct  t h e  
presence o f  a s u r f a c e  r e s i s t a n c e  f o r  d e s o r p t i o n  o f  carbon  
d i o x i d e  f rom t h e  f l o w i n g  f i l m ,  which would be s m a l l e r  than  
a b s o r p t i o n .  Since i t  i s  e x t r e m e l y  d i f f i c u l t  to  measure t he  
s u r f a c e  c o n c e n t r a t i o n  f o r  d e s o r p t i o n  i n  t he  case of  f l o w i n g  
l i q u i d  f i l m s ,  t h e  magni tude and t he  n a t u r e  o r  b e h a v i o u r  o f  
t h i s  s u r f a c e  r e s i s t a n c e  w i l l  be d i f f i c u l t  t o  e s t a b l i s h .
CHAPTER 6
DISCUSSION AND CONCLUSIONS
D i s c u s s i o n  and c o n c l u s i o n s
An account  and d i s c u s s i o n  o f  t he  main f e a t u r e s  and 
c o n c l u s i on s  of  t h i s  work w i l l  be g i ve n h e r e .
On the  ba s is  t h a t  mass t r a n s f e r  occurs by m o l e c u l a r  
d i f f u s i o n  o n l y ,  two t h e o r e t i c a l  models have been deve loped  
and pr e se nt ed  f o r  t he  a b s o r p t i o n  and d e s o r p t i o n  processes f o r  
t h e  case of  f l o w i n g  l i q u i d  f i l m s  on an i n c l i n e d  p l a n e .  The 
f i r s t  i s  based on t h e  s impl e  p e n e t r a t i o n  t h e o r y ,  and t h e  
o t h e r  on f i l m  ther f ry  and in p a r t i c u l a r  the  e x i s t e n c e  o f  a 
’ d i f f u s i o n  boundary l a y e r ’ . An a t t e m p t  to  account  f o r  s i mpl e  
p e r i o d i c  waves i s  p r e se nt ed  w i t h  t h e  second model .
I n  o r d e r  t o  make v a l i d  comparisons between the  
t h e o r e t i c a l  models ,  which were d e r i v e d  f o r  i d e a l  f i l m  f l o w ,  
and e x p e r i m e n t a l  average c o n c e n t r a t i o n  r e s u l t s  o b t a i n e d  by 
t i t r a t i o n  o r  r e s i s t i v i t y  m e t e r  f o r  both a b s o r p t i o n  and 
d e s o r p t i o n ,  i t  was necessary  to account  f o r  t h e  ’ meniscus-  
w a l l  e f f e c t s ’ and ' e n d - e f f e c t s ' .  Both o f  t he s e  have been 
accounted f o r  s u c c e s s f u l l y  and w i l l  be d i scussed b r i e f l y  
w i t h  the  hydrodynamic c o n c l u s i o n s .
Average c o n c e n t r a t i o n  r e s u l t s  o b t a i n e d  by t i t r a t i o n ,  
o p t i c s  and t h e o r e t i c a l  models f o r  a b s o r p t i o n  a t  an 
i n c l i n a t i o n  angl e  of  1Q were p r e s e n t e d ,  and t h e  f o l l o w i n g  
p o i n t s  can be drawn:
( a)  Both t h e o r e t i c a l  models ( I )  and ( I I )  ( C h a p t e r  2)  
p r e d i c t e d  a p p r o x i m a t e l y  t h e  same v a l u e s ,  a l t ho u gh  t h e  f i r s t  
was based on a s imple  p e n e t r a t i o n  model ,  w h i l e  t h e  second 
was based on t he  f i l m  model .  Th is  i s  to be e x p e c t e d ,  s i n c e  
t hey  were both d e r i v e d  assuming t h a t  t h e r e  is  no s u r f a c e  
r e s i s t a n c e  and t h a t  a b s o r p t i o n  process occurs on ly  by m o l e c u l a r  
d i f f u s i o n .
(b)  D e v i a t i o n  o f  t he  ’ r e d u c e d ’ average c o n c e n t r a t i o n  r e s u l t s  
f rom t he  t h e o r e t i c a l  models were r e c o r d e d .  Th i s  was not  
s u r p r i s i n g ,  s i n c e  both Models ( I )  and ( I I )  were d e r i v e d  
assuming t h a t  t h e r e  was no s u r f a c e  r e s i s t a n c e ,  and t h e  
a b s o r p t i o n  process occurs on ly  by m o l e c u l a r  d i f f u s i o n .
(c )  The presence o f  c o n v e c t i v e  d i s t u r b a n c e s  which enhance 
mass t r a n s f e r  r a t e s  was demonst rated f rom t he  d i f f e r e n c e  
between t h e  ' r e d u c e d '  and o p t i c a l  r e s u l t s  d u r i n g  t he  a b s o r p t i o n  
o f  carbon d i o x i d e  i n t o  f l o w i n g  l i q u i d  f i l m s .  I t  i s  i m p o r t a n t  
t o  r e i t e r a t e  t h a t  t h i s  c o n c l u s i o n  about  t he se  d i s t u r b a n c e s
can on ly  be reached from s im ul ta ne o us  o p t i c a l  and aver age  
c o n c e n t r a t i o n  measurements.  The e x i s t e n c e  o f  t he s e  edd i es  o r  
c o n v e c t i v e  d i s t u r b a n c e s  i n  s t a t i c  w a t e r  pools  a bs or b i n g  gas 
has been p r e v i o u s l y  shown by Thomas e t  a l  ( 1 9 7 2 ) .  I t  i s  
i m p o r t a n t  t o  s t a t e  t h a t  t h e  c e l l u l a r  d i s t u r b a n c e s  o r  
c i r c u l a t i o n s  which have been observed by many o t h e r  w o r k e r s ,  
e . g .  Thomas and N i c h o l  ( 1967;  1 9 6 9 ) ,  P l ev an  and Quinn ( 1 9 6 6 ) ,  
B l a i r  and Quinn ( 1 9 6 9 ) ,  are  c o m p l e t e l y  d i f f e r e n t  phenomenon.
I n  the s e  cases t h e  v i go ro us  d i s t u r b a n c e s  were a r e s u l t  o f  
a b s o r p t i o n  accompanied by chemica l  r e a c t i o n  and were m a i n l y  
due t o  heat  e f f e c t s .  They were c l e a r l y  observed by S c h l i e r e n  
o r  I n t e r f e r o m e t r i c  t e c h n i q u e s .  I n  our  case ,  t h es e  e d d i e s ,  
m i c r o f l o w s ,  o r  c o n v e c t i v e  d i s t u r b a n c e s ,• were prop ag at ed  
m a i n l y  by buoyancy f o r c e s  w i t h  some s u r f a c e  t e n s i o n  f o r c e s  b e i ng  
p r e s e n t .
(d)  The e x i s t e n c e  o f  the c o n v e c t i v e  d i s t u r b a n c e s  ( m i c r o f l o w s  
o r  e d d i es )  demonst ra tes  t h a t  mass t r a n s f e r  oc cur r ed  not  on l y  
by m o l e c u l a r  d i f f u s i o n  but  a ls o  by t he se  c o n v e c t i v e  
d i s t u r b a n c e s .
( e )  A c l e a r  t r e n d  o f  i n c r e a s i n g  t he  amount o f  s o l u t e  absorbed  
p e r  u n i t  t ime as t h e  f i l m  Reynolds number i n c r e a s e s  was 
r e c o r d e d .  Th is  t r e n d  was p ro b ab l y  due t o  t he  more pronounced  
e f f e c t s  o f  t h e  c o n c e n t r a t i o n  d r i v i n g  f o r c e ,  t he  i n t e n s i t y  of  
i n t e r a c t i o n s  between a d j a c e n t  l a y e r s ,  and waves w i t h  the  
i n c r e a s e  o f  f i l m  Reynolds number.
Average c o n c e n t r a t i o n  r e s u l t s  o b ta i n e d  by t i t r a t i o n ,  and 
f rom t h e o r e t i c a l  models f o r  d e s o r p t i o n  a t  i n c l i n a t i o n  angl es  
o f  1 ° ,  2 ° ,  3 ° ,  5g , 10°  1 1 ’ and 19°  13* were p r e s e n t e d ,  and 
t h e  f o l l o w i n g  c o n c l u s i on s  and p o i n t s  can be drawn.
( a)  S i m i l a r  t o  t h e  a b s o r p t i o n  s t u d y ,  both Models ( I )  and ( I I )  
p r e d i c t e d  n e a r l y  t h e  same v a l ue s  f o r  t h e  amount o f  s o l u t e  
desorbed p er  u n i t  t i m e ,  which could be a t t r i b u t e d  t o  t h e  f a c t  
t h a t  both models were d e r i v e d  assuming t he  d e s o r p t i o n  process  
occurs on ly  by m o l e c u l a r  d i f f u s i o n  and no s u r f a c e  r e s i s t a n c e .
(b)  The d e v i a t i o n  o f  t h e  reduced e x p e r i m e n t a l  r e s u l t s  f rom  
t he  t h e o r e t i c a l  p r e d i c t i o n  could be a t t r i b u t e d  to  both t h e  
s u r f a c e  r e s i s t a n c e  and t he  mechanism by which s o l u t e s  de sor b .  
Thomas and Ray ( 1975)  have shown t h a t  f o r  d e s o r p t i o n  o f  carbon  
d i o x i d e  f rom a s t a t i c  w a t e r  p o o l ,  t h e r e  e x i s t s  a s u r f a c e  
r e s i s t a n c e  o f  s i g n i f i c a n t  magni t ude .
( c )  A l s o ,  as f o r  a b s o r p t i o n ,  a c l e a r  t r e n d  o f  i n c r e a s i n g  t h e  
amount o f  s o l u t e  desorbed pe r  u n i t  t ime  as t he  f i l m  Reynolds  
number i n c r e a s e s  was r e c o r d e d .  Th is  coul d be f o r  the  same 
reasons as f o r  a b s o r p t i o n .
(d)  At an i n c l i n a t i o n  angl e  o f  1 ° ,  the  reduced r a t e  o f  
d e s o r p t i o n  i s  l ess  than the t h e o r e t i c a l  p r e d i c t i o n s ;  as t he  
a ng l e  o f  i n c l i n a t i o n  i n c r e a s e s  t h e  d i f f e r e n c e  becomes l es s  
u n t i l  t h e  reduced r a t e  o f  d e s o r p t i o n  becomes h i g h e r  t ha n t h e
t h e o r e t i c a l  p r e d i c t i o n s  a t  an a ng l e  o f  i n c l i n a t i o n  o f  19°  13'  
and f o r  Rep > 1300.  Th is  t r e n d  could be e x p l a i n e d  i n  terms  
o f  p e r t u r b a t i o n s  pr opagated by t h e  presence o f  waves,  which  
have not been ta ken  i n t o  account  i n  t he  t h e o r e t i c a l  
d e v e l o p m e n t s .
From a comparison between t h e  average c o n c e n t r a t i o n  
r e s u l t s  o b t a i n e d  by t i t r a t i o n  and f rom t h e o r e t i c a l  p r e d i c t i o n s ,  
f o r  t h e  a b s o r p t i o n  and d e s o r p t i o n  processes i t  i s  concluded  
t h a t :
( a)  Both t h e o r e t i c a l  models f o r  a b s o r p t i o n  and d e s o r p t i o n  
l ead  t o a lmost  i d e n t i c a l  c ur v e s .  The d i r e c t i o n s  o f  mass 
t r a n s f e r  of  s o l u t e  in  each case are  o p p o s i t e ,  and i n  t h i s  
sense t h e  r e s u l t s  f o r  a b s o r p t i o n  and d e s o r p t i o n  based on the  
t h e o r e t i c a l  models can be t hought  o f  as ' m i r r o r  im ag es ’ .
This  i s  t o  be expected as t h e i r  assumed mechanisms,  t he  mode 
o f  d i f f u s i o n ,  t h e  absence o f  s u r f a c e  r e s i s t a n c e  and t he  
m a t h e m a t i c a l  f o r m u l a t i o n s  are  t he  same. I n  f a c t  t h i s  i s  not  
so i n  p r a c t i c e  and the  models need to  be m o d i f i e d  t o  t a k e  
account  of  t h e  d i f f e r e n c e s  deduced from t h e  p r e s e n t  work .
( b ) The d i f f e r e n c e  between t he  e x p e r i m e n t a l  r e s u l t s  f o r  
d e s o r p t i o n  and a b s o r p t i o n  demons tr a te  t h a t  t h e s e  two processes  
a r e  not  m i r r o r  images.  This  c o n c l u s i o n  i s  s uppor ted  by t h e  
f o l l o w i n g  f a c t s :
1.  I n  t h e  case o f  a b s o r p t i o n  of  carbon d i o x i d e  i n t o  
w a t e r  f i l m ,  the  s u r f a c e  o f  t h e  l i q u i d  f i l m  w i l l  
become u n s t a b l e  w i t h  r e s p e c t  t o buoyancy f o r c e ,  
which w i l l  propagate  c o n v e c t i v e  d i s t u r b a n c e s  so 
enhancing t h e  mass t r a n s f e r .
2 .  The presence o f  these  c o n v e c t i v e  d i s t u r b a n c e s  has 
been demonst ra ted by us,  as d i scussed p r e v i o u s l y .
3 .  Thomas, Khanna and Palmer  ( 1972)  a l s o  demonst ra ted  
t h e  presence o f  t h e s e  c o n v e c t i v e  d i s t u r b a n c e s  d u r i n g  
a b s o r p t i o n  o f  carbon d i o x i d e  i n t o  s t a t i c  w a t e r  pools
4 .  A s o l u t i o n  o f  carbon d i o x i d e / w a t e r  i s  more dense 
than pure w a t e r  ( B l a i r  and Quinn ( 1 9 6 8 ) ) .
5.  Thomas and Ray ( 1 9 7 5 ) ,  i n  t h e i r  s t udy  f o r  carbon  
d i o x i d e  d e s o r p t i o n  f rom s t a t i c  l i q u i d  p o o l s ,  found  
t h a t  buoyancy d r i v e n  c o n v e c t i v e  d i s t u r b a n c e s  were  
a b s e n t .
6 .  The s u r f a c e  r e s i s t a n c e  f o r  a b s o r p t i o n  i s  d i f f e r e n t  
f rom t h a t  o f  d e s o r p t i o n  (Thomas and- Ray ( 1 9 75 ) ;  
Emmert and P i g f o r d  ( 1 9 5 4 ) ) .
For  a b s o r p t i o n  the c o n c e n t r a t i o n  p r o f i l e s  o f  t h e  gas
d i s s o l v e d  i n  t he  f l o w i n g  w a t e r  f i l m  were o b t a i n e d  f rom t he
i n t e r f e r o g r a m s  f o r  a l l  cases s t u d i e d .  By a n a l y s i n g  t he
i n t e r f e r o g r a m s , t he  s u r f a c e  c o n c e n t r a t i o n ,  ^s_0p ^ i c ' anc* ^he
amount o f  s o l u t e  t r a n s f e r r e d ,  N, , .  , were d et er mi ne d ast - o p t i c
a f u n c t i o n  o f  t i m e .
Employing the  d e f i n i t i o n  o f  t he  s u r f a c e  r e s i s t a n c e  f o r  
p h y s i c a l  t r a n s f e r :
a n ,
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and f rom t he  o p t i c a l  measurements o f  ^ t - o p t i c  anc  ^ ^ S - o p t i c  
as a f u n c t i o n  o f  t i m e ,  a s u r f a c e  r e s i s t a n c e  ( 1 / k g ) j  was 
c a l c u l a t e d .
C o n s i d e r i n g  t h e  c o n t r i b u t i o n  o f  t h e  c o n v e c t i v e
d i s t u r b a n c e s ,  a s u r f a c e  r e s i s t a n c e  which i s  t h e
t r u e  v a l u e  o f  t h e  p a r a m e t e r ,  has been d e t e r m i n e d .  This  
s u r f a c e  r e s i s t a n c e  i s  o f  a s i g n i f i c a n t  magni t ude ,  and i s  
t i m e  dependent .
An e x a m i n a t i o n  o f  some o f  the  t h e o r e t i c a l  mode ls , (Duda  
and V r e nt a s  ( 1 9 6 7 ) ) ,  which accounted f o r  t he  s u r f a c e  
r e s i s t a n c e ,  have been c a r r i e d  o u t .  A complete  d i sa gr ee men t  
between t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  r e s u l t s  were r e c o r d e d .  
This  was a t t r i b u t e d  to t h e  f a c t  t h a t  the se  models have not  
ta k en  i n t o  account  t he  presence o f  t h e  c o n v e c t i v e  d i s t u r b a n c e s  
( e d d i e s  o r  m i c r o f l o w s ) .  The q u e s t i o n ,  t h e r e f o r e ,  a r i s e s  as 
t o  t h e  v a l i d i t y  o f  using pure m o l e c u l a r  d i f f u s i o n  e q u a t i o n s .
The o p t i c a l  s tudy f o r  the  d e s o r p t i o n  process proved  
the  presence o f  a c o n c e n t r a t i o n  g r a d i e n t  r i g h t  up t o  t he  
i n t e r f a c e ,  which c onf i rms  t h e  s t a b i l i t y  o f  t he  s u r f a c e  l a y e r  
i n  t h e  l i q u i d  f i l m  upon carbon d i o x i d e  d e s o r p t i o n .  I n  s p i t e  
o f  the  f a c t  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  and t h e  amount o f  
s o l u t e  t r a n s f e r r e d  were not  o b t a i n a b l e  f rom t he  i n t e r f e r o g r a m s  
due t o  t h e  n a t u r e  o f  t h e  d e f l e c t i o n  phenomenon o f  l i g h t  upon 
d e s o r p t i o n ,  a s u r f a c e  r e s i s t a n c e  f o r  t he  carbon d i o x i d e  
d e s o r p t i o n  i s  c l a i m e d .  This  s u r f a c e  r e s i s t a n c e  i s  s m a l l e r  
i n  magni tude f o r  d e s o r p t i o n  than f o r  a b s o r p t i o n .  The presence  
o f  s u r f a c e  r e s i s t a n c e  f o r  d e s o r p t i o n  was deduced f rom o p t i c a l  
b e h a v i o u r  ’ d e f l e c t i o n  phenomenon' ,  our  s u r f a c e  r e s i s t a n c e  
st udy  f o r  a b s o r p t i o n ,  and from work by Thomas and-Ray ( 1 97 5)  
i n  which t he  presence o f  s u r f a c e  r e s i s t a n c e  f o r  d e s o r p t i o n  
of  carbon d i o x i d e  f rom a s t a t i c  pool  was de mo ns t ra t ed .
From t he  hydrodynamic study o f  t h e  f l o w i n g  l i q u i d  f i l m s  
e x p e r i m e n t a l l y ,  t h e  f o l l o w i n g  o b s e r v a t i o n s  were made:
( a )  V e r i f i c a t i o n  was o b t a i n e d  o f  t h e  v a r i a t i o n  i n  t h e  f l o w  
v e l o c i t y  o f  l i q u i d  a t  t h e  s ide s  o f  an i n c l i n e d  channel  due to  
t h e  presence o f  meniscus.  As a c o r o l l a r y  i t  was i m p o r t a n t  to  
show t h a t  when measur ing f i l m  f l o w  r a t e s  t he  meniscus must be 
accounted f o r  o r  e l i m i n a t e d .  Th is  c onf i rms  t h e  p r e v i o u s  work 
o f  F u l f o r d  (1962)  and Thomas e t  a l  ( 1 9 7 6 ) .
(b)  Hydrodynamic ’ e n d - e f f e c t s ’ a t  t h e  i n l e t  and e x i t  o f  t he
c e l l ,  which cause i n c r e a s e  i n  t h e  mass t r a n s f e r  r a t e s ,  have
been s u c c e s s f u l l y  accounted f o r  e x p e r i m e n t a l l y .  Most o f  the
p r e v i o u s  workers  have not  c o ns id e re d  t h e  e n d - e f f e c t s  i n  
s u f f i c i e n t  d ept h .  E i t h e r  t h e i r  i n t e r p r e t a t i o n  o f  t h e  e f f e c t s  
has been h o p e l e s s l y  wrong,  o r  in- some cases ,  as w i t h  Thomas 
and coworkers ( 1 9 7 6 ) ,  coul d have been improved i n  accuracy
by m o d i f i c a t i o n  o f  t e c h n i q u e s .  I f  e n d - e f f e c t s  a re  not  
de te rmi ne d w i t h  accuracy  o r  e l i m i n a t e d ,  then doubt  w i l l  be 
thrown on t he  i n t e r p r e t a t i o n  o f  r e s u l t s  and c o n c l u s i o n s .
( c )  N u s s e l t ’ s (1916)  t h e o r y  has been c onf i rm ed f o r  l i q u i d  
f l o w i n g  down an i n c l i n e d  p l a n e ,  f o r  an angl e  o f  i n c l i n a t i o n  
< 20°  and Rep < 1.500. F i l m  t h i c k n e s s  measurements have been 
made o p t i c a l l y ,  and w i t h  a t r a v e l l i n g  mic ros co pe .  T h i s  has 
a l s o  been demonst ra ted by o t h e r  w o r k e r s .
(d)  Smooth s u r f a c e  l a m i n a r  f l o w s were observed a t  l o w e r  
angl es  o f  i n c l i n a t i o n  and f l o w  r a t e s .  As t he  a ngl e  o f  
i n c l i n a t i o n  and f l o w  r a t e s  were i n c r e a s e d  o v e r  a narrow r an ge ,  
p e r i o d i c  waves appeared which were f o l l o w e d  by v i g o r o u s  and 
random wavy p a t t e r n s  a t  t h e  h i g h e s t  angl es  o f  i n c l i n a t i o n
and f l o w  r a t e s .
CHAPTER 7
PRELIMINARY STUDIES AND SUGGESTIONS FOR FUTURE..WORK
7.1  P r e l i m i n a r y  s tudy o f  mass t r a n s f e r  f o r  t he  case o f
f l o w i n g  l i q u i d  f i l m s  on an i n c l i n e d  p l ane  i n  the
presence o f  a r t i f i c i a l  roughness
I n  t h i s  p r e l i m i n a r y  s t u d y ,  the  f i r s t  c e l l  ( l e n g t h  =
9 2 . 0  cm) was employed,  and t he  c e l l  f l o o r  was covered w i t h  
g l a ss  beads o f  1 . 5 - 2 . 0  mm d i a m e t e r .  F o l l o w i n g  t h e  same 
procedure  as b e f o r e  (see C ha pt e r  3,  s u b s e c t i o n  ( 3 . 7 ) ) ,  a 
p r e l i m i n a r y  s tudy o f  a b s o r p t i o n  and d e s o r p t i o n  f o r  t he  case 
of  l i q u i d  f i l m  f l o w i n g  on an i n c l i n e d  p l ane  covered w i t h  
beads was c a r r i e d  o u t .
7 . 1 . 1 .  R e s u l t s  and d i s c u s s i o n
A s e t  o f  r e s u l t s  o f  t h e  amount o f  s o l u t e  desorbed p e r  
u n i t  t im e  f o r  a b s o r p t i o n  and d e s o r p t i o n  a t  an ang l e  o f  1° i s  
gi ve n  i n  T ab l e  ( 7 . 1 ) ,  I t  i s  c l e a r  t h a t  t h e  amount o f  s o l u t e  
desorbed o r  absorbed p e r  u n i t  t ime  i s  l e s s  i n  t he  case o f  
a rough s u r f a c e  t ha n  a smooth s u r f a c e .  The o p p o s i t e  t r e n d  
was e xp ec te d ,  s i n c e  i t  was a n t i c i p a t e d  t h a t  t h e  i n c l i n e d  p l ane  
covered w i t h  t he  beads,  i . e .  t h e  rough s u r f a c e ,  would produce  
more d i s t u r b a n c e s  which would t r a n s f e r  s o l u t e  f a s t e r  i n  t he  
l i q u i d  f i l m  and i n c r e a s e  t h e  s o l u t e  t r a n s f e r  r a t e .  As a 
r e s u l t  o f  t he  presence o f  the  beads,  i t  was observed  
e x p e r i m e n t a l l y  t h a t  t he  d i s t u r b a n c e s  a t  t he  s u r f a c e  o f  t he  
l i q u i d  f i l m s  were damped, i . e .  a t  t h e  same f l o w i n g  c o n d i t i o n s  
more v igo ro us  d i s t u r b a n c e s  a t  t he  s u r f a c e  o f  the  l i q u i d  f i l m  
were p r e s e n t  f o r  t h e  case of  l i q u i d  f i l m  f l o w i n g  on a smooth,  
i n c l i n e d  p l a n e .  Th i s  o b s e r v a t i o n  would e x p l a i n  t h e  t r e n d  
observed ,  a l s o  demonst ra te  t he  impor t ance  o f  the se  hydrodynamic  
d i s t u r b a n c e s  a t  the  s u r f a c e  o f  t he  l i q u i d  f i l m  i n  i n c r e a s i n g  
t h e  r a t e  o f  s o l u t e  t r a n s f e r .
T a b l e  ( 7 . 1 )
P r i m ar y  amount o f  s o l u t e  t r a n s f e r r e d  pe r  u n i t  t i me  f o r  the  
cases o f  l i q u i d  f i l m  f l o w i n g  o v e r  smooth and rough s u r f a c e s  
Angle o f  i n c l i n a t i o n  1°
Ambient  t e m p e r a t u r e  20°C
F i lm
f l o w
r a t e
c c /
min
Pr i ma ry  amount o f  
s o l u t e  absorbed  
per  u n i t  t ime
x 1 0 6 gmol /sec
Primary- amount of  
s o l u t e  desorbed  
p e r  u n i t  t ime
x 106 gmol /sec
L i q u i d  f i l m  
i n t e r f a c e  
p o s i t i o n  
w i t h  .. 
r e s p e c t  
t o  Beads
Smooth
s u r f a c e
Rough
s u r f a c e
Smooth
s u r f a c e
Rough
s u r f a c e
13 7. 5 1 3.0 8 . 4 6 10 .5 0 1 0 . 0 5 Touching
3 1 5 . 0 1 9 . 2 5 11 .22 1 5 . 50 12 .07 Above
6 7 0 . 0 2 8 . 2 5 1 8 .4 2 2 2 . 6 0 12 .3 5 Above
The damping e f f e c t  o f  the  beads may be e x p l a i n e d  in  
terms o f  t he  drag f o r c e s .  O b v i o u s l y ,  t h e se  f o r c e s  are  o f  
g r e a t e r  magni tude i n  t h e  presence o f  beads compared w i t h  the  
pl ane  s u r f a c e ,  as a g r e a t e r  s u r f a c e  area  i s  exposed t o t he  
l i q u i d  a t  any g i ven f l o w  r a t e .  The degree o f  damping w i l l  
depend o f  course on t h e  p o s i t i o n  o f  t h e  f r e e  l i q u i d  s u r f a c e  
which could be m a i n t a i n e d  below,  a t / o r  above the  top o f  t he  
beads.  I n  t h e  p r a c t i c a l  cases s t u d i e d ,  the  l i q u i d  s u r f a c e  
was examined when i t  was a t  t h e  top o f  t he  beads,  i . e .  
t o uc h i ng  t he  top o f  t h e  beads,and above o n l y .
Since  t he  enhancing e f f e c t  o f  t he  hydrodynamic  
d i s t u r b a n c e s  on t h e  s o l u t e  t r a n s f e r  was demonst ra ted h e r e ,  
i t  i s  suggested f o r  f u t u r e  work t o  i n c r e a s e  these  d i s t u r b a n c e s  
by t r y i n g  d i f f e r e n t  ar rangements  o f  t h e  beads.  Th is  f u t u r e  
study could l ea d t o a number o f  recommendat ions to be made 
f o r  the  des ign and s e l e c t i o n  o f  pack ing e le m e n t s .
7 . 2 .  E f f e c t  o f  waves on t he  mass t r a n s f e r  r a t e
I t  may be o f  advantage t o  r e s t a t e  i n  t h e  form o f  a 
summary some o f  t he  dedu ct i ons  made i n  t he  t h e s i s  c onc e rn i ng  
waves and t h e i r  e f f e c t s  on the mass t r a n s f e r  r a t e .  P o i n t s  
o f  f u t u r e  work i n  t h i s  f i e l d  w i l l  be g i ve n  h e r e .
7 . 2 . 1 .  Appearance and development  o f  waves
As ment ioned i n  s u b s e c t i o n  ( 5 . 1 . 4 . 1 ) ,  t h e  n a t u r e  o f  
t he  s u r f a c e  o f  t he  f l o w i n g  l i q u i d  f i l m s  can be d e s c r i b e d  as 
f o l l o w s :
- At ve ry  low f l o w  r a t e s  and angl es  o f  i n c l i n a t i o n  l es s
than 5 ° ,  t h e  f i l m  s u r f a c e  i s  smooth and m i r r o r - l i k e .
-  At s l i g h t l y  l a r g e r  Reynolds numbers (and i n  a ve ry
narrow range o f  Reynolds numbers) ,  s m a l l ,  s y mm e t r i c a l  
r e g u l a r  waves a p pe a r .  The wave f r o n t s  a re  a lmost  
s t r a i g h t  and p e r p e n d i c u l a r  to  t he  d i r e c t i o n  o f  f l o w .
-  At s t i l l  l a r g e r  f low* r a t e s ,  t h e  r e g u l a r  s y mm e t r i c a l  
waves tend t o  become l es s  r e g u l a r .
-  As the l i q u i d  f l o w  r a t e  i s  i n c r e a s e d ,  a n d / o r  t he  angle  
o f  i n c l i n a t i o n ,  a s t age  i s  reached where t he  s u r f a c e  
waves become c o m p l e t e l y  random, i . e .  v i go ro u s  d i s t u r b a n c e s  
ar e  p r e s e n t  a t  t he  s u r f a c e  o f  t h e  l i q u i d  f i l m .
7 . 2 . 2 .  E f f e c t  of  waves on mass t r a n s f e r  r a t e s
I t  was decided t o  c a l c u l a t e  the  f a c t o r  by which t he  
r a t e  o f  d e s o r p t i o n  i n c r e a s e s  r e l a t i v e  t o  an ang l e  o f  1 ° ,  as 
t h e  angl e  o f  i n c l i n a t i o n  i n c r e a s e s .  Th i s  i s  shown i n  
Ta bl e  ( 7 . 2 ) ,  which demonst ra tes  t he  e f f e c t  o f  t h e  waves,  i . e .  
the  hydrodynamic d i s t u r b a n c e s ,  on t he  mass t r a n s f e r  r a t e ,  
which becomes more and more random and v i g o r o us  as both t h e  
f l o w  r a t e  and angl e  o f  i n c l i n a t i o n  i n c r e a s e .  I n  o t h e r  words,  
t he  p r e s en t  work has shown t h a t  s u r f a c e  waves promote  
i n t e r f a c i a l  mass t r a n s f e r .
7 . 2 . 3 .  F ut ur e  work i n  t h i s  f i e l d
I n  t he  l a s t  t we n ty  y ear s  o r  so,  some workers  have 
a t t em pt e d  to p o s t u l a t e  t h e o r e t i c a l  models which p r e d i c t  mass 
t r a n s f e r  i n  wave f l o w ,  e . g .  R uc ken st e i n  and B er bente  ( 1 9 6 5 ) ,  
Fo r t es cue  and Pearson ( 1 9 6 7 ) ,  B a n e r j e e ,  S c o t t  and Rhodes
( 1 9 6 8 ) ,  and R uckenste in  ( 1 9 6 8 ) .  I t  i s  suggested f o r  f u t u r e  
work:
( i )  There should be much more s o p h i s t i c a t e d  e x p e r i ­
m e n t a t i o n  i n  an a t t e m p t  t o  e s t a b l i s h  the t r u e  n a t u r e  • 
o f  a wavy s u r f a c e .
T a b l e  ( 7 . 2 )
Reduced amount o f  s o l u t e  desorbed p e r  u n i t  t i m e ,  a t  a 
c o n s t a n t  Rep, and the f a c t o r  ’ F ’ by which t he  r a t e  of  
d e s o r p t i o n  i n c r e a s e s  r e l a t i v e  t o ang l e  1 ° ,  as the  angl e  
of  i n c l i n a t i o n  i n c r e a s e s
F i l m  Reynolds number = 700 ( w a v y - f l o w )
Angle
of
i n c l i n a t i o n
Amount o f  
s o l u t e  
desorbed  
p e r  u n i t  
t ime  x 106 
gmol /sec
F a c t o r  
’ F ’
Cont ac t
t ime
’ t  *c
( se c)
Amount 
desorbed  
x 1 0 6 
gmol / se c
1° 8 . 6 0 1 .0 4 .81 1 .881
2° 1 1 . 33 1 .3 4 . 1 2 2 . 4 7 8
3 ° 13 .6 6 1 .6 3 . 6 6 2 . 9 8 7
5° 17 .20 2 . 0 3 . 1 7 3 .761
10°  11' 2 3 . 2 0 2 . 7 2 . 1 6 5 . 0 7 4
19°  1 3 ’ 2 9 . 2 5 3 . 4 1 .67 6 . 3 9 7
( i i ) To study a v a i l a b l e  t h e o r e t i c a l  work in  t he  l i g h t  
o f  p u b l i s h e d  and f u t u r e  e x p e r i m e n t a l  work.
> ( i i i )  To examine t he  t h e o r e t i c a l  work p u b l i s h e d  to
account  f o r  t he '  i n c r e a s e  i n  mass t r a n s f e r  due to  
t h e  presence o f  waves.
( i v )  To deve lop new t h e o r e t i c a l  models suggested by
t he  e x p e r i m e n t a l  work,  which w i l l  a l l o w  p r e d i c t i o n s  
t o  be made o f  any i n c r e a s e  in  mass t r a n s f e r  due to  
t h e  presence o f  waves o r  hydrodynamic d i s t u r b a n c e s .
7 . 3 .  E f f e c t  o f  i n t e r f a c i a l  t u r b u l e n c e  on the  r a t e  
o f  mass t r a n s f e r
I t  i s  e v i d e n t  t h a t  t h e r e  a re  two d i s t i n c t  c a t e g o r i e s  o f  
systems where t he  l i q u i d  s u r f a c e  i s  e i t h e r  de nser  o r  l i g h t e r  
than t h e  b u l k  l i q u i d .  Buoyancy d r i v e n  c o n v e c t i o n  d i s t u r b a n c e  
may o r  may not be p r e s e n t ,  and under  c e r t a i n  c o n d i t i o n s  a r e  
p a r t i a l l y  r e i n f o r c e d  by s u r f a c e  t e n s i o n  e f f e c t s .  For  the  
system C0 2 - w a t e r  d u r i n g  d e s o r p t i o n ,  buoyancy d r i v e n  c o n v e c t i v e  
d i s t u r b a n c e s  were found to be a b s e n t ,  i . e .  no d i s t u r b a n c e s  t o  
a i d  t h e  t r a n s f e r  process were p r e s e n t .
I t  i s  sugg es te d,  f o r  f u t u r e  work ,  to  i n v e s t i g a t e  t h e  
e f f e c t  o f  a bsorbing gas which would produce c o n v e c t i v e  
d i s t u r b a n c e s  s i m u l t a n e o u s l y  d u r i n g  t h e  d e s o r p t i o n  o f  carbon  
d i o x i d e .
I t  i s  worth m e n t io n i ng  here  t h a t  some e x p e r i m e n t a l  and 
t h e o r e t i c a l  work was c a r r i e d  out  in  t h i s  f i e l d ,  e . g .  B r i a n ,  
V i v i a n  and M a t i a t e s  ( 1 9 6 7 ) ,  and R uc k en st e in  ( 1 9 7 0 ) .  B r i a n  e t  
a l  (1 967 )  found,  by desor bing  i n e r t  p r o p y l e n e  s i m u l t a n e o u s l y  
w i t h  t h e  a b s o r p t i o n  o f  carbon d i o x i d e  i n t o  monoethanolamine ,  
a s u b s t a n t i a l  i n c r e a s e  in  t h e  p r op y l e n e  d e s o r p t i o n  c o e f f i c i e n t ,  
which c o n t r i b u t e d  t o  t he  presence o f  i n t e r f a c i a l  t u r b u l e n c e .
I t  i s  f e l t  t h a t  a unique o p p o r t u n i t y  p r e se nt s  i t s e l f  i n  
t h i s  l a b o r a t o r y  t o  s tudy t h i s  phenomenon using o p t i c a l  
t e c h n i q u e s .  Knowledge g i ve n on d i s t u r b a n c e s  w i l l  be of  h e l p .  
T h is  k ind of  s tudy would be u s e f u l  in  t h a t  i t  may h e l p  to  
e s t a b l i s h  t h e  gases which can be used t o  enhance mass 
t r a n s f e r  r a t e s .
7 . 4 .  P r e l i m i n a r y  s t udy  o f  m a s s - t r a n s f e r  a t  e l e v a t e d  
t e m p e r a t u r e
A p r e l i m i n a r y  s t udy  o f  a b s o r p t i o n  and d e s o r p t i o n  f o r  
t h e  case of  f l o w i n g  l i q u i d  f i l m  was c a r r i e d  out  a t  
a p p r o x i m a t e l y  52QC. A b r i e f  o u t l i n e  o f  t he  e x p e r i m e n t a l  
a rra ng eme nt s ,  r e s u l t s  and d i s c u s s i o n  w i l l  be g i ve n  h e r e .
7 . 4 . 1 .  E x p e r i m e n t a l  ar rangements
( a )  The f l o w  diagram of  t he  h e a t i n g  s e c t i o n  i s  shown i n  
F i g . ( 7 . 1 ) .  Three h e a t e r s  were used t o heat  and c o n t r o l  
t h e  t e m p e r a t u r e  o f  t h e  w a t e r  in  t he  t h e r m o s t a t  t a n k .
Th i s  was t o b r i n g  t h e  l i q u i d  o u t l e t  t e m p e r a t u r e  f rom  
t h e  c o i l  t o  t h e  r e q u i r e d  v a l u e .  The l i q u i d  f rom t h e  
c o i l  was then  passed through a ca lming box b e f o r e  i t  
e n te r e d  t he  c e l l  t o  e l i m i n a t e  any b u b bl e s .
(b)  I n  o r d e r  t o  a c h ie v e  i s o t h e r m a l  o p e r a t i n g  c o n d i t i o n s  
across t h e  c e l l ,  p o l y s t y r e n e  was used t o i n s u l a t e  t h e  
c e l l .
(c )  Dre sc he l  b o t t l e s  were p l ac ed  in  t he  t h e r m o s t a t  t a n k  t o  
b r i n g  t h e  t e m p e r a t u r e  o f  t h e  gas t o the  t e m p e r a t u r e  o f  
t h e  l i q u i d .
(d)  A f t e r  s e t t i n g  t h e  d e s i r e d  o p e r a t i n g  c o n d i t i o n s ,  e . g .  
f l o w r a t e ,  i n l e t  t e m p e r a t u r e ,  t he  a ppa ra tus  was l e f t  f o r  
an hour  to reach a s teady  s t a t e .
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7 . 4 . 2 .  R e s u l t s  and d i s c u s s i o n
A comparison between t he  amount o f  s o l u t e  t r a n s f e r r e d  
p e r  u n i t  t im e  a t  20GC and 5B°C i s  shown i n  T a b l e  ( 7 . 3 ) .
I t  i s  c l e a r  f rom t h i s  T a b l e  t h a t  t he  r a t e  o f  a b s o r p t i o n
a t  20°C i s  g r e a t e r  than a t  58°C,  and t he  r a t e  o f  d e s o r p t i o n
a t  58°C i s  g r e a t e r  than a t  20°C a t  the  same f l o w  c o n d i t i o n s .
Two f a c t o r s  c o n t r o l  t he s e  processes:
’ ( i )  mass ^ r a n s ^e r  c o e f f i c i e n t ,  which
i n c r e a s e s  w i t h  t e m p e r a t u r e .
( i i )  The decrease  o f  t h e  d r i v i n g  f o r c e  w i t h  t h e  
t e m p e r a t u r e  i n c r e a s e ,  i  . e . for desorption
£C. i L  -  Cc ) > (C, , ,  -  Cc )
b u l k  S 2 0 ° c  ' 58°C
I t  i s  not  c e r t a i n  t o what  e x t e n t  t h e  r a t e  o f  a b s o r p t i o n  
o r  d e s o r p t i o n  i s  a f f e c t e d  by t he s e  two f a c t o r s .  A f u r t h e r  
c o m p l i c a t i n g  f a c t o r  f o r  d e s o r p t i o n  is  t h a t  a t  58°C t he  
s u r f a c e  of  the  i n c l i n e d  p l ane  was p a r t i a l l y  covered w i t h  
s m a l l  b u bb l es ,  whereas a t  20°C the y  did not  a p p e a r .  The 
whole p i c t u r e  i s  t h e r e f o r e  somewhat obscured and o b v i o u s l y  
r e q u i r e s  e x t e n s i v e  f u r t h e r  work .  However,  i t  i s  most  
i n t e r e s t i n g  and pr omis ing  f o r  f u t u r e  work which coul d be 
accompanied by i n t e r f e r o m e t r i c  s t u d y .
7 . 5 .  O t h er  s ugg es t i ons  f o r  f u t u r e  work
( a )  A s tudy o f  p h y s i c a l  a b s o r p t i o n  and d e s o r p t i o n  f o r  o t h e r  
l i q u i d s  and gases f o r  t h e  case o f  f l o w i n g  l i q u i d  f i l m s .
(b)  Study t he  e f f e c t  o f  c o u n t e r  and c o - c u r r e n t  gas f l o w  
r a t e s ,  ( i )  on t h e  hydrodynamics o f  t h e  f l o w i n g  l i q u i d  
f i l m ,  and ( i i )  on t h e  mass t r a n s f e r .
T a b l e  ( 7 . 3 )
P r im a r y  amounts o f  s o l u t e  t r a n s f e r r e d  p er  u n i t  t ime  a t  
20°C and 5B°C.
Angle o f  i n c l i n a t i o n  1°
F i l m  f l o w  r a t e  = 1 7 2 . 5  cc /min
T emperature Amount o f  s o l u t e  
absorbed pe r  
u n i t  t ime  
x 1 0 6 gmol /sec
Amount o f  s o l u t e  
desorbed p er  
u n i t  t ime  
x 1 0 6 gmol /sec
oCDCM 1 4 .2 50 1 1 .6 00
58°C 1 1.209 1 3 . 45 5
A study o f  a b s o r p t i o n  and d e s o r p t i o n ,  accompanied by 
chemica l  r e a c t i o n  f o r  t he  case o f  f l o w i n g  l i q u i d  f i l m s  
on an i n c l i n e d  p l a n e .
Nomenclature
Nomenclature
A C o ns t a n t ,  d e f i n e d  by e q ua t i o n
( 5 . 3 . 8 ) .  .
a.  A r b i t r a r y  c on st a nt s  ( i  = 1 , 2 , . .
d e f i n e d  by e q u a t i o n  ( 2 . 2 5 ) .
a Ampl i t ude  o f  s e p a r a t e  waves,
see S e c t i o n  ( 3 . 2 . 1 ) .
b^ A r b i t r a r y  c o ns t a nt s  ( i  = 1 , 2 . . )
d e f i n e d  by e q u a t i o n  ( 2 . 2 4 ) .
b F r i n g e  s p a c i n g ,  see F i g . ( 4 . 1 ) .
c C o n c e n t r a t i o n  o f  s o l u t e  i n  t he
l i q u i d
C^ o r  Cg I n t e r f a c i a l  c o n c e n t r a t i o n  o r  
s u r f a c e  c o n c e n t r a t i o n  i n  t he  
l i q u i d .
CQ I n i t i a l  c o n c e n t r a t i o n  o f
s o l u t e  i n  s o l u t i o n ,  
c o n s i d e r i n g  a b s o r p t i o n .
C0 I n i t i a l  c o n c e n t r a t i o n  of
s o l u t e  i n  s o l u t i o n ,  
c o n s i d e r i n g  d e s o r p t i o n .
C* C o n c e n t r a t i o n  o f  s o l u t e  i n
i n  e q u i l i b r i u m  w i t h  p a r t i a l  
pr e ss ur e  o f  t h e  gas under  
c o n s i d e r a t i o n .
Cn C0 measured o p t i c a l l y , ' see
S' ° P t l c  e q u a t i o n  ( 4 . 5 ) .
C C o n c e n t r a t i o n  o f  s o l u t e  a t  a
av^ p a r t i c u l a r  l e n g t h  o v e r  t he
whole l i q u i d  depth .
ACp_av Pr im ar y  amount o f  s o l u t e
av  ^ t r a n s f e r r e d ,  which i s  the
amount o f  s o l u t e  t r a n s f e r r e d  
on t he  i n c l i n e d  p l ane  plus  
t h a t  due t o  end e f f e c t s .
ACp_a Reduced amount o f  s o l u t e
a v  ^ t r a n s f e r r e d ,  which i s  t h e
amount o f  s o l u t e  t r a n s f e r r e d  
on the i n c l i n e d  pl ane  o n l y .
D D i f f u s i v i t y  o f  gas i n  s o l u t i o n .
G Gamma f u n c t i o n .
cm
cm
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
g m o l / l i t r e
cm2/ s e c
gH
h
tr
I
m c
M
Mt - o p t i c
N
qt
qr
ql
Qn
A c c e l e r a t i o n  due t o  g r a v i t y .
H e n r y ’ s law c o n s t a n t .
L i q u i d  f i l m  t h i c k n e s s .
Mean l i q u i d  f i l m  t h i c k n e s s .
R e s u l t a n t  i n t e n s i t y ,  see 
e q u a t i o n  ( 3 . 2 ) .
I n s t a n t a n e o u s  i n t e r f a c i a l  mass 
t r a n s f e r  r a t e ,  s u b s c r i p t  ' a '  
d es ig n a t e d  t o d i f f u s i n g  
component.
I n t e r f a c i a l  mass t r a n s f e r  
c o e f f i c i e n t  a t  t i m e .
t r u e  l i q u i d  f i l m  c o e f f i c i e n t ,  
e x c l u s i v e  o f  i n t e r f a c i a l  
r e s i s t a n c e .
T o t a l  amount o f  s o l u t e  
t r a n s f e r r e d  as o b t a i n e d  f rom  
i n t e r f e r o g r a m ,  d e f i n e d  by 
e q u a t i o n  ( 4 . 7 ) .
c m / s e c 2 
atm .  c m V g m o l  
cm 
cm
gmol /cm2 sec
cm/sec
cm/sec
Apparent  l i q u i d  f i l m  c o e f f i c i e n t  cm/sec
Pa rame te r  composed o f  c o n s t a n t  
p h y s i c a l  p r o p e r t i e s  o f  t he  
system,  d e f i n e d  as ( D v / g s i n  3 ) ,  
see e qu a t i o n  ( 2 . 4 1 ) .
Wave number, ( 2 tt/ A ) ,  see cm
e q u a t i o n  ( 2 . 7 0 ) .
T o t a l  c o n t a c t  l e n g t h  o f  c e l l .  cm
F r i n g e  s h i f t  a t  depth y cm. cm
F r i n g e  s h i f t  a t  s u r f a c e .  cm
M o l e c u l a r  w e i g h t .
- 1
( g m o l / l i t r e )
R e f r a c t i v e  i n d e x .
T o t a l  f l o w  r a t e  cc /mi n
Flow r a t e  f rom t he  r i g h t  s i d e  c c / mi n
o f  t h e  c e l l ,  see e q u a t i o n  ( 4 . 1 1 ) .
Flow r a t e  f rom t h e  l e f t  s i d e  o f  c c / mi n
t he  c e l l ,  see e q u a t i o n  ( 4 . 1 0 ) .
Flow r a t e  f rom the  c e n t r a l  c c / mi n
s e c t i o n  o f  t he  c e l l ,  ' F i l m  
f l o w  r a t e ' ,  see F i g . ( 4 . 2 ) .
mm
Meniscus f l o w  r a t e ,  see 
F i g . ( 4 . 2 ) .
cc /min
Qg Side  r e g i o n  f l o w  r a t e ,  d e f i n e d
by e q u a t i o n  ( 4 . 1 2 ) .
R U n i v e r s a l  gas C on st a nt .
P r im a ry  amount o f  s o l u t e  
t r a n s f e r r e d  p e r  u n i t  t i m e ,  
which is  t h e  amount o f  s o l u t e  
t r a n s f e r r e d  on t he  i n c l i n e d  
pl ane  plus t h a t  due t o end-  
e f f e c t s  p er  u n i t  t i m e .
T o t a l  Reynolds number.
F i l m  Reynolds number.
Cont act  t i m e .
Te mp er a t ur e .
u V e l o c i t y  component i n  d i r e c t i o n
o f  b u l k  f l o w .
v V e l o c i t y  component normal  to
d i r e c t i o n  of  b u l k  f l o w .
W Width o f  c e l l  and l i g h t  path
l e n g t h  through c e l l .
x C o or d i n a t e  a x i s ,  i n  d i r e c t i o n
o f  b u l k  f l o w .
y C o o r d i n a t e  a x i s  normal  t o
d i r e c t i o n  o f  b u l k  f l o w .
y r O p t i c a l  p e n e t r a t i o n  d e p t h ,  see
F i g . ( 4 . 1 ) .
Greek symbols
Re.
Re,
Reduced amount o f ’ s o l u t e  
t r a n s f e r r e d  p e r  u n i t  t i m e ,  
which i s  t h e  amount o f  s o l u t e  
t r a n s f e r r e d  on t he  i n c l i n e d  
pl ane  pe r  u n i t  t i m e .
Reynolds number, d e f i n e d  as 
( 4 Q / v ) .
R,
cc /mi n
l i t r e  atm/gmol  
gmol /sec
gmol /sec
sec
°C
cm/sec
cm/sec
cm
cm
cm
cm
a D imens ion l ess  a m p l i t u d e ,  d e f i n e d  
as ampl i tu de /me an  f i l m  t h i c k n e s s ,  
see e q u a t i o n  ( 2 . 7 0 ) .
Accommodation c o e f f i c i e n t :  i s  
t he  f r a c t i o n  o f  t h e  mol ecu l es  
s t r i k i n g  the s u r f a c e  and 
p e n e t r a t i n g  i t ,  see e q u a t i o n  
( 5 . 3 . 1 6 ) .
Angle o f  i n c l i n a t i o n  f rom  
h o r i z o n t a l .
K i n e m a t i c  v i s c o s i t y .
D e n s i t y
( D L / h 2um) ,  see e q u a t i o n  ( 2 . 2 7 ) .
Wavelength o f  the  l i g h t  source  
u s e d .
D i s t a n c e  o f  d i f f u s i o n  boundary  
l a y e r  above bot tom o f  l i q u i d  
f i l m .
Dimens ion l ess  d i s t a n c e  o f  
d i f f u s i o n  boundary l a y e r  above 
bottom o f  l i q u i d  f i l m ,  d e f i n e d  
as ( S /h )  .
degrees
cm2/ s e c
gm/cm3
cm
cm
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APPENDIX A
S e c t i o n  ( A - I )
( A - I H 1 )  D e r i v a t i o n  o f  e q u a t i o n  ( 2 . 1 4 )
The s o l u t i o n  o f  e q u a t i o n  ( 2 . 1 2 )  may be found i n  the  
f o l l o w i n g  way; F i r s t l y ,  by making t h e  t r a n s f o r m a t i o n :
bY2
B s 2 u C A . 1)
T h e r e f o r e ,  e q u a t i o n  ( 2 . 1 2 )  becomes:
2
—  -  2 b Y —  + b t b - 1 )  u = 0 ( A . 2)
dY2 dY
This  may be so l ve d by t h e  method o f  Frobenius  (Ross 
( 1 9 6 4 ) ) ,  i . e .  by assuming a s o l u t i o n  o f  t he  form:
? a Y2K+m 
K = 0 , 1,  . . 2K CA\ 3)
S u b s t i t u t i o n  o f  e q u a t i o n  ( A . 3) i n t o  ( A . 2) l e ads  t o  the  
f o l l o w i n g  e q u a t i o n :
(2K+m) (2K+m-1) I a 2|< Y2K+m' 2 - 2b(2K+m)
I a 2K Y2K+m + bCb-1)  I a 2K Y2K+m = 0
Th is  i s  i d e n t i t y  s i n ce  e q u a t i o n  ( A . 3) i s  a s o l u t i o n  o f  
e q u a t i o n  ( A . 2 ) ,  and e q u a t i o n  ( A . 4) could be r e w r i t t e n  as:
m( m-1 )  a Y^m ^  + { ( m + 1 ) ( m + 2 )  a 2 -  a [ 2bm- b( b - 1 ) ] } Y
+ { (m+3) (m+4)  a^ - a 2 [2b(2+m) - b ( b - 1 ) ] } Ym+^
m
+ 0
For  t h e  t r i v i a l  s o l u t i o n  o f  t h i s  e q u a t i o n ,  the  sum of  
t h e  c o e f f i c i e n t s  on each power o f  Y must be equal  t o  z e r o ,  
t h e r e f o r e
mCm-1) a 0o
(m+1) (m+2)  a 2 -  a Q[2bm -  b ( b - 1 ) ]  = 0
(m+3) (m+4)  -  a 2 [2b(2+m) -  b ( b - 1 ) ]  = 0
•  • 4
•  •
•  0
(m+2K-1)  (m+2K)a2|< -  a 2K_2 [2b(m+2K-2)  -  b C b - 1 ) ]  = 0
i . e .
2 b ( m+2K-2) -  bCb-1)
a 9 K  =     a 9 k  9  ( A - 5 )
(m + 2 K - 1 ) (m+2K)
a l s o ,  we have
mCm-1) a = 0o
I f  =(= 0,  t h e r e f o r e  m = 0 OR m = 1 .
E qu at i on  ( A . 5) i s  a r e c u r s i v e  f o r m ul a  by means o f  
which t he  c o e f f i c i e n t  f o r  any t erm may be c a l c u l a t e d  f rom  
t h e  p r ec ed ing  c o e f f i c i e n t .
For  m = 0:
2 b ( 2 K - 2 )  -  b ( b - 1 )  
otoi/ ” " ( A. 6)
^  (2K-13 2K
b_
2 !  1' ~ oa 2 = ■■ -? rr C b - 1 ] a
at* = ( b - 5) ( b - 1 ) a Q
F o r  m = 1
2bC2K-1) -  b ( b - 1 )
a ’ =   a* 7 ’ ( A . 7)
^  2KC2K+1)
cl2 = "  3 T  ( b - 3 )
a i * = I t  ( b ' 7 )  ( b ' 3 )  a “
T h e r e f o r e ,  e q u a t i o n  ( A . 3) becomes:
,, -  Y „ v 2K + Y ' rv’ y 2K + 1u -  I a 2K Y + a 2K
K = 0 , 1 ,  . . ^ K = 0 , 1,  . .
00 00
a + I a~v Y + a ’ Y + Y 1 a' Y ■
°  K = 1 2K 0 K=1 2K
Cons eque nt l y ,  e q u a t i o n  ( A . 1 )  becomes
bY2
F(Y)  = e 2 { a^ [ 1 -  ( b - 1 )  Y2 + ( b - 5 )
( b - 1 )  Y" + - - - ]  + 9 1 Y [1 -  | y  ( b — 3 JY2
+ ( b - 7 )  ( b - 3 ) Y “ + - - - ] }
( A . 8)
where B i s  absorbed by a and a * .o
( A - I ) ( 2 )  D e r i v a t i o n  o f  e q u a t i o n  ( 2 . 2 5 )
From e q u a t i o n  ( 2 . 2 0 )  we have :
a1 = a Q (j)(Y,bo ) + a i  <J>(Y>bi) + a 2 <|>(Y,b2 ) + . . .
( 2 . 20 )
M u l t i p l y i n g  each t erm by [ (1  - Y 2 ) <f>C Y, b^D d Y ] , and 
i n t e g r a t i n g  f rom 0 t o  1:
[ 1 C1-Y2 )(j>(Y,b3 )dY ( 1 - Y 2)<(i (Y,bj)c(i (YJbo )dY
f 1
+ ---------- + a C1- Y 2 ) CY,b3 D dY- + - - -
( A . 9)
To show t h a t  a l l  terms on t he  r i g h t  d i s a p p e a r  ex ce pt  the  
terms f o r  which i  = J ,  l e t
and
q = 4» C Y , b j )
Both p and q s a t i s f y  t he  d i f f e r e n t i a l  e qu a t i o n  ( 2 . 1 2 ) ,  
t h e r e f o r e
p" + b | ( 1 - Y 2 ) p 0
and
q" + b j ( 1 ~Y 2 ) q = 0
M u l t i p l y i n g  t he  f i r s t  o f  the se  e qu at io n s  by q and t h e  
second by p, and s u b t r a c t i n g :
p ”q - q"p + (b? - b j ) ( 1 - Y 2 ) pq 0
{ p ' q - q ’ p} + (b? - b j ) ( 1 - Y 2 ) pq = 0
I n t e g r a t i n g  between t h e  l i m i t s  0 and 1:
[p’q-q’p]‘ ( 1 - Y 2 ) pq dY CA.10)
Since  and b^ have been chosen t c  make p f and q ’ equal  
t o  zero  f o r  Y = 1,  i . e .  e q u a t i o n  ( 2 . 2 3 ) ,  and s i n c e  p and q 
a r e  ze r o  a t  Y = 0,  t h e r e f o r e  t h e  l e f t  s i d e  o f  e q u a t i o n  
( A . 10) i s  z e r o ,  i . e .
f l
C1-Y2 J<}.tY,bi )*<t>CY,b-] ) *dY  
For  i  f  J
( A . 11)
The i n t e g r a l  on t h e  l e f t  s i d e  o f  e q ua t i o n  ( A . 9) may be 
e v a l u a t e d  as f o l l o w s .  S ince  <J>(Y,b^) s a t i s f i e s  e q u a t i o n  
( 2 . 1 2 ) ,  t h e r e f o r e :
g y  < r ( Y , b . )  + b | ( 1 - Y 2 )<j>(Y,b.)
I n t e g r a t i n g  w i t h  r e s p e c t  t o Y between t he  l i m i t s  0 and 1,
[<Ji ’ ( Y,b . )  ] 1 = - b 2
X 0
1 (1 - Y 2 )(J)(Y,bi ) dY
Since
<f>’ ( 1 , b ^ )  = 0 ( e q u a t i o n  ( 2 . 2 3 ) )
and
1 ( 0 , b ^ ) = 1 ( e q u a t i o n  ( 2 . 2 1 ) )
t h e r e f o r e
Hence,  a.  may be de ter mi ned f rom e q u a t i o n s  ( A . 9 ) ,  ( A . 11) and 
( A . 1 2 ) :
a.  =  .-1------------------------------------ (A.  13)
b? / 1 (1 -  Y 2 ) * (j>2 C Y , b . )dY 
1 0 1
(A—I D ( 3)  Computer program
This  program was w r i t t e n  t o  c a r r y  out  t he  f o l l o w i n g  jo bs
( a )  F i n d i n g  the r o o t s  o f  e q u a t i o n  (2.24), a f t e r  
s i m p l i f y i n g  e q u a t i o n  ( 2 . 2 4 )  t o an o r d i n a r y  
p o ly n o m i a l  f o r  a d i f f e r e n t  number o f  t e rm s ,  us ing  
t h e  method o f  Grant  and H i t c h i n s  ( 1 9 7 1 ) .
(b)  E v a l u a t i n g  t he  v a l ue s  o f  a^,  e q u a t i o n  ( 2 . 2 5 ) ,  i n  
which t h e  v a l u e  o f  t h e  d e f i n i t e  i n t e g r a l  was 
o b t a i n e d  by Simpson’ s r u l e .
(c )  E v a l u a t i n g  t he  v a l u e s  o f  t h e  f i r s t  f o u r  i n t e g r a l s  
( f o r  i  = 1 t o  4)  i n  e q u a t i o n  ( 2 . 2 6 ) ,  us ing S impson’ 
r u l e .
The program was checked as f o l l o w s :
-  s u p p l y i n g  t he  program w i t h  a p o l y n o m i a l ,  i n  which t h e  
r o o t s  are  known;
-  c a r r y i n g  out a l l  t he  c a l c u l a t i o n s  m a n u a l l y ,  and checki ng  
t he s e  r e s u l t s  a g a i n s t  the  computer  o u t p u t .
0029 X ) , SIMP< 1 6 ) , S1MP1( 1 6 ) » ARP A( 1 6 ) , AREA1( 1 6 ) , r i d ( 1 6 ) , P I G2(16)
0030 RFADC1, 4 0 0 ) IPATAS
0031 DO 100 K = 1 , IDATAS
0032 DO 399 1=1,16
0033 A( I ) = 0 .
0034 RFZCI )=0 .
0035 DIMZCI ) =0 .
0036 D( I )=0 .
0037 399 CON!INUE
0038 R E A D (1 , '400) N
0039 400 FORMAT(12)
0040 READ( 1 # 4 0 1 ) ( AC I ) # 1 = 1 # N + 1 )
0041 401 FORMAT(16F0.0)
0042 WRITE(2 ,402)N
0043 402 FORMAT( 1 2H POLY-ORDER=, I 2)
0044 WRITE( 2 # 4 0 3 ) CA( I ) , I =1#N+1)
0045 403 FORMAT(3H A=»16F16 . 9 )
0046 N=N+1
0047 I F A I L = 1
0048 CALL C02ACF ( A , N , REZ , D I MZ , D , I FA I L )
0049 1F ( I F A I L . NE. O) GO TO 405
0050 WRITE( 2 , 4 0 4 ) (REZ( I ) , D I M Z C I ) , D ( I ) # 1 = 1 , N - 1 )
0051 404 FORMAT(1H # E 1 6 . 7 , 2 E2 4 . 9 )
0052 GO TO 4061
0053 405 WRITE(2»406)N
0054 406 FORMAT(*  N = ' , 1 5 , 'WHICH IS LESS THAN 1 OR GR THAN 5 0 ' )
0055 4061 H = 1 . / 1 0 0 .
0056 DO 415 M=1,16 '
0057 SIMP( M) = 0 .
0058 SIMP1( M) = 0 .
0059 AREA CM)=0.
0060 AREA1(M)=0.
0061 I F ( R E Z ( M ) - O . > 415 , 415 , 4071
0062 4071 DO 4072 N=1.101
0063 P H I ( N)=0 ,
0064 PH 11 ( N) = 0 .
0065 PHI 2 ( N>=0 .  I  : ~
0066 4072 CONTINUF
0067 DO 408 J = 1 ,101
0068 S 1 = H * ( J - 1 )
0069 S2=S1*S1
0070 S4=S2*S2
0071 P H I ( J ) = E X P ( - R E Z ( M ) * S 2 / 2 . ) * S 1 * ( 1 . - R E Z ( H ) / 6 . * ( R E 7 ( M ) - 3 . ) * S 2 + R E Z ( M ) *
0072 X 2 / 1 2 0 . * ( R 6 Z ( M ) - 7 . ) * ( R E Z ( M ) - 3 . ) * S 4 )
0073 PHI1 ( J ) = (1 . - S 2 ) * P H I ( J ) * * 2
0074 P H I 2 ( J ) = ( 1 . - S 2 ) * P H I ( J )
0075 408 CONTINUE . . .  .
)076 DO 409 J S = 1 , 49
0077 SIMP(M)=SIMP CM)+ 4 . *PH1 1 ( J S * 2 ) + 2 . * P H I 1 ( J S * 2 + 1 )
0078 AREA( M) =AREA( M) +4 . +PHI 2 ( JS* 2 ) +2 . * PHI 2CJS* 2+1 )
0079 409 CONTINUF -
0080 SIMP1CM)=H/3 . * ( PHI 1<1) + SIMP(M)+ 4 . *PH I I <1UO) + PH11 ( 1 0 1 ) )
081 AREA1<M)=H/3.  + (PHI2C1)  + AREA( M) +4. *PH12 ( 10 0 ) + P H l 2 (1 01 ) )
0082 PIG1 (M)=1 . /  (RF.Z (M) * * 2 * S  IMP1 CM) )
083 - P I G 2 ( m ) = 1 .5 * PIG1 CM)*AREA1CM)
084 WR I T E C 2 , 4 1 O') R F Z < M )
085 410 FORMAT C5H REZ=, F 1.5 . 6 )
086 WRITE( ? , 4 1 1 ) SIMP1CM)
087 411 FORMAT C7H SIMP1 = , F15 . 6 )
088 WRITEC2,412)PIG1CM)
089 412 F0RMATC6H P I G 1 = , F 1 5 . 6 )
090 WRITEC2,413 ) AREA1CM)
091 413 FORMATC7H A R E A1 = , F 1 5 . 6 ).
092 WPITEC2,414)PIG2CM)
093 414 FORMAT( 6 H PIG2=#F15 .6)
094 41 5 CON r I f.UE
095 100 CON T INIJE
096 STOP
097 END
0 OF SEGMENT, LENGTH 650 ,  NAME PIGFORD
098 F I NI SH
S e c t i o n  ( A—I I )
( A - I I ) ( 1 - a )  D e r i v a t i o n  o f  e q u a t i o n  ( 2 . 4 4 )
The f o l l o w i n g  second* o r d e r  p o l y n o m i a l  was assumed as a 
s o l u t i o n  o f  e qu a t i o ns  ( 2 . 4 1 )  and ( 2 . 4 2 ) :
c = a + bY + cY2 ( A . 14)
From B.C.  ( 2 . 4 2 )  ’ B ’ and ( A . 1 4 ) ,  we have
1 = a + b + c ( A . 15)
From B.C.  ( 2 . 4 2 )  ’ D’ and ( A . 1 4 ) ,  we have
0 = b + 2cA ( A . 16)
From B.C.  ( 2 . 4 2 )  f C ’ and ( A . 1 4 ) ,  'we have
0 = a + bA + cA2 ( A . 17)
S u b s t i t u t e  b f rom ( A . 16) i n t o  ( A . 15) and ( A . 1 7 ) ,  and we 
o b t a i n :
a = 1 + ( 2 A - 1 ) c ( A . 10)
a = A 2 c  ( A . 19)
From ( A . 1 8 )  and ( A . 19) we o b t a i n :
( A . 20)
( A - 1 ) 2
C onsequent l y ,  f rom ( A . 20) and A . 19) we g e t :
c = 1
( A - 1 ) 2
A l s o ,  f r o m  e q u a t i o n s  ( A . 21) and ( A . 16) we o b t a i n
( A . 21)
a-2A 
( A - 1 ) 2
( A . 22)
Now, s u b s t i t u t i n g  a,  b and c f rom ( A . 2 0 ) ,  ( A . 21) and 
( A . 22) i n t o  ( A . 1 4 ) ,  t h e  f o l l o w i n g  e x p r e s s i o n  would be o b t a i n e d
-AL_ + Y + —1
( A - 1 ) 2 C A — 1 ) 2 ( A — 1 ) 2
Y -  A 
1 -  A ( A . 23)
C A - I I ) ( 1 - b )  D e r i v a t i o n  o f  e q u a t i o n  ( 2 . 4 8 )
The f o l l o w i n g  t h i r d  o r d e r  p o l y n o m i a l  was assumed as a 
s o l u t i o n  o f ; e q u a t i o n s  ( 2 . 4 1 )  and ( 2 . 4 2 ) :
a + bY + cY2 + dY: ( A . 24)
The f o l l o w i n g  e x pr es s io n s  f o r  a,  b,  c and d were o b t a i n e d  
w i t h  t h e  he lp  o f  boundary c o n d i t i o n  ( 2 . 4 2 ) ,  p lus
32
dY ( x ,  A)
i n  t he  same way as i n  ( A - I I ) ( 1 - a )
( A - 1 ) 3
-3A 
( A - 1 ) 3
3A 
C i - 1 ) 3
-1
( A - 1 ) 3
( A . 25)
on s u b s t i t u t i n g  ( A . 25) i n t o  ( A . 2 4 ) ,  e x p r e ss i o n  ( 2 . 4 8 )  would  
r e s u l t .
( A - I I ) ( 2 )  Formulae used f o r  s i m p l i f y i n g  t he  i n t e g r a l  
We have
dx _ f _________dx
h1* * ' t i lf( 1 + a s is i n  k x)h
—  I  —J ( i
dx
( f r a ) 1*  (— + s i n  kx)Uw
Th is  i n t e g r a l  was d et er mi ne d w i t h  t he  h e l p  o f  Ryshik  and 
G a r d s t e i n  ( 1 9 6 3 ) ,  and the  f o r m u la e  used a r e :
dx 1 ) b cos x
(a + b s i n  x ) n ( n - 1 ) ( a 2 + b 2 ) (a + b s i n  x ) n ^
( n - 1 ) a  -  ( n - 2 )  b s i n  x dx L ( A . 26)
r j. u • i n“1 (a + b s i n  x)
, n f a  t a n  + bdx 2 , J 2a r c t a n
a + b s i n x  / a 2 + b 2 [ / a 2 + b 2
( A . 27)
a + 8 s i n  x  ^ 1 J ( b a - a 8 ) c o s  x
(a + b s i n  x ) n [ n - 1 ] [ a 2 -  b 2 ] I (a + b s i n  x ) n ^
( a a - b $ ) ( n - 1 )  + ( a 8 - b a ) ( n - 2 )  s i n  x
r j. u • , n - 1  ax(a + b s m  x)
( A . 28)
By u s i n g  t h e s e  f o r m u l a e  and f i n d i n g  an e x p r e s s i o n  f o r
d x/ • ,  t h i s  e x p re ss i o n  i s  then s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 . 8 4 ) .
( A - I I H 3 )  Computer program,  Model ( I I )
Th i s  program was w r i t t e n  t o e xecut e  t he  f o l l o w i n g :
(a )  F i n d i n g  t he  r o o t s  o f  e q u a t i o n s  ( 2 . 4 5 ) ,  ( 2 . 4 9 )  and 
( 2 . 5 3 )  us ing t he  method o f  Grant  and H i t c h i n s
I n ’o r d e r  to use t h i s  program t h e  l a s t  c o e f f i c i e n t s  i n  
e qu a t i o ns  ( 2 . 4 5 ) ,  ( 2 . 4 9 )  and ( 2 . 5 3 )  must be de te rmi ne d f o r  
a l l  t h e  cases s t u d i e d .  Shown i n  T a b l e  ( A . 1 )  a re  t h e  v a lu e s  
o f  t h i s  c o e f f i c i e n t  f o r  a l l  cases s t u d i e d .
Th is  program was checked by s u p p l y i n g  t he  computer  w i t h  
t h e  c o e f f i c i e n t s  o f  an e q u a t i o n  w i t h  known r o o t s ,  and 
c a r r y i n g  out  a l l  t h e  c a l c u l a t i o n s  m a n u a l l y ,  then checki ng  
a g a i n s t  t h e  computer  o u t p u t .
( 1 9 7 1 ) .
c or r es p on di n g  AC
( 2 . 4 7 ) ,  ( 2 . 5 1 )  and ( 2 . 5 4 )  f o r  t he  r o o t  l y i n g
between 0 and 1.
T a b l e  ( A - 1 )
Values  o f  t h e  l a s t  c o e f f i c i e n t  i n  e q u at i o n s  ( 2 . 4 5 ) ,  ( 2 . 4 9 )  
and ( 2 . 5 3 )  f o r  a l l  cases s t u d i e d
Eq. (2 .45 )
Kx ,-—r  X 160 h H
17
3
E q . (2 .49 )
Kx „ 
h *  x 480
-  9
E q . (2 .53)
P >  224
37 
” 5
E q . (2 .45)  
Kx
h* X 160 
17 
3
E q . (2 .49)  
Kx '
p r  x 480 
-  9
E q . (2 .53)
—  x 224
37
5
An
gl
e 
1°
- 2 .7 6 8 9
-4 .1 9 9 3
-5 .0 8 2 8
-5 .3 2 6 8
-5 .4 3 5 0
-5 .4 9 4 7
-5 .5 3 2 0
-0 .3 0 6 7
-4 .5 9 7 8
-7 .2 4 8 5
-7 .9 8 0 3
-8 .3 0 4 9
-8 .4 8 4 2
-8 .59 5 9
-3 .3 4 3 1
-5 .3 4 5 6
-6 .5 8 2 6
-6 .9 2 4 2
-7 .0 7 5 6
-7 .1 5 9 3
-7 .2 1 1 4
An
gl
e 
2°
- 2 .0 0 1 2
-3 .8 1 7 3
-4 .9 3 2 9
-5 .23 8 2
-5 .3 7 4 7
-5 .4 5 0 3
-5 .4 9 6 7
1.9963
-3 .4 5 1 8
-6 .7 9 6 8
-7 .7 1 4 5
-8 .1 2 4 1
-8 .3 5 0 8
-8 .4 9 0 1
-2 .2 6 8 4
-4 .8 1 0 8
-6 .3 7 2 7
-6 .8 0 0 1
-6 .9 9 1 3
-7 .0 9 7 0
-7 .1 6 2 0
Oro
0
tn
S
-1 .4 7 2 8
-3 .54 3 7
-4 .82 5 4
-5 .1 7 7 3
-5 .3 3 3 4
-5 .41 8 7
-5 .47 2 6
3.5816
-2 .63 1 2
-6 .4 7 6 3
-7 .5 3 2 0
-8 .0 0 0 1
-8 .2 5 6 1
-8 .4 1 7 7
-1 .5 2 6 8
-4 .42 7 9
-6 .2 2 2 3
-6 .71 4 9
-6 .9 3 3 3
-7 .0 5 2 8
-7 .1 2 8 3
An
gl
e 
5°
-0 .7 0 3 8
-3 .1 4 8 3
-4 .6 6 5 7
-5 .0 8 6 4
-5 .2 7 0 5
-5 .3 7 2 8
-5 .4 3 6 0
5.8886
-1 .4 4 5 0
-5 .9 9 7 2
-7 .2 5 9 2
-7 .8 1 1 5
-8 .1 1 8 5
-8 .3 0 8 0
-0 .4 5 2 0
-3 .8 7 4 3
-5 .9 9 8 7
-6 .5 8 7 6
-6 .8 4 5 4
-6 .9 8 8 6
-7 .0 7 7 1
An
gl
e 
10
° 
11
*
0 .6182
-2 .47 6 4
-4 .4 0 8 8
-4 .9 3 0 5
-5 .16 5 4
-5 .29 4 4
-5 .37 5 3
9.8547
0 .5707
-5 .2 2 6 3
-6 .7 9 1 6
-7 .4 9 6 3
-7 .8 8 3 3
-8 .1 2 6 0
1.3989
-2 .9 3 3 7
-5 .63 8 9
-6 .3 6 9 4
-6 .6 9 8 3
-6 .87 8 9
-6 .9 9 2 2
An
gl
e 
19
° 
13
'
2 .0679
-1 .7 4 2 2
-4 .1 1 3 9
-4 .7 6 0 1
-5 .0 4 9 9
-5 .2 0 8 8
-5 .3 0 7 7
14.2038
2.7736
-4 .3 4 1 7
-6 .2 8 0 4
-7 .1 4 9 7
-7 .6 2 6 2
-7 .9 2 3 2
3.4284
-1 .9 0 5 7
-5 .2 2 6 1
-6 .1 3 0 9
-6 .5 3 6 5
-6 .7 5 8 9
-6 .8 9 7 5
At each a n g l e ,  the se  v a lu es  were c a l c u l a t e d  a t  f i l m  f l o w  
r a t e s  60,  100,  200,  300,  4 00 ,  500 and 600 cc / mi n  
r e s p e c t i v e l y .
0026 C • * * * * * *  INPUT FROM CR SOURCE * * * * * *
0027 MASTER TMERRITT
0028 DIMENSION A( 1 0 ) , REZ( 1 0 ) , DIMZ( 1 0 ) , D( 1 0 ) , CAVE<10)
0029 DO 600 I AN = 1 ,6
0030 WRITEC2/99) IAN
0031  99 FORMAT(7H ANG LE = * 12)
0032 DO 400 I G=1 ,3
0033 DO 400 I N = 1 ,7
0034 DO 100 <=1,10
0035 —  A ( K ) = 0 i
0036 ' • REZ<K)=0.
0037 DIMZ(K>=0.
0038 D < K ) -  0.
0039 CAVE<K>*0.  ...........
0040 100 CONTINUE "
0041 READ( 1#101)  N
0042 ' 1 0 1  FORMAT(I 2)
0043 RE AD( 1#102)<  A < K > , K = 1»N + 1 )
0044 102 FORMAT<10F0 . 0 )
0045 WRITE<2,103)N
0046 103 FORMAT <12H POLY-ORDER*, I 2)
0047 - - ' N = N + 1
0048 CALL C02ACF <A,N,REZ,DIMZ,D,  I F A I L )
0049   ~ ~ I F ( IF A I L  . N E. 0 ) G0 TO 106
0050 WRITE< 2 , 1 0 5 ) < REZ<K) , D I MZ<K) , D<K) , K= 1 , N- 1 )
0051 I FA I L  = 1
0052 - 104 FORMAT(3H A = , 1 0 F 1 5 . 9 )
0053 ----- WRI TE<2 , 104 ) <A<K) , K=1 , N+1) ~
0054 105 FORMAT( 1 H , 3 E 1 6 . 7 )
0055 GO TO 108
0056 106 WRITE<2,107)N
0057 107 FORMAT <'  N= ' , 1 5 , 'WHICH IS LESS THAN 1 OR GR THAN 1 0 ' )
0058 108 DO 200 J = 1 ,10
0059 I F ( R E Z ( J ) . L E . O . . O R . R E Z ( J ) . G T . 1 . ) G O  TO 200
0060 WRITE<2,111)REZ(J)
0061  “111 FORMAT <5H REZ=,E16.7)
0062 GO TO < 1 2 0 , 1 3 0 , 1 4 0 ) , IG .
0063  ^ 120 CAVE<J)=<REZ<J)* * 3 - 3 . *REZ<J ) * * 2 - 7 . *REZ<J ) + 9 . ) / 2 0 .
0064 GO TO Vi  2
0065 130 C A V E < J ) = < R E Z < J ) * * 3 - 3 . * R E Z < J ) * * 2 - 1 2 . * R E Z < J ) + 1 4 . ) / 4 0 .
0066 ~ GO TO 112
0067 140 C A V E < J ) = < 5 . * R E Z < J ) * * 3 - 1 5 . * R E Z < J ) * * 2 - 4 8 . * R E Z < J ) + 5 8 - ) / 1 4 0 .
0068 112 WRITE<2,113)CAVE<J)
0069 113 FORMAT <6H CAVE = , E 1 6 . 7 )
0070 200 CONTINUE
0071    400 CONTINUE
0072 600 CONTINUE
0073 STOP
0074 END
END OF SEGMENT, LENGTH 388,  NAME TMERRITT
0075 FINISH
APPENDIX (B )
E n d - e f f e c t s  t r e a t m e n t s
I n  o r d e r  t o e s t a b l i s h  a procedure  f o r  c a l c u l a t i n g  the  
e n d - e f f e c t s ,  t he  f o l l o w i n g  terms needed to be d e f i n e d .
Rp P r im a r y  amount o f  s o l u t e  t r a n s f e r r e d  p er  u n i t  t i m e ,  
which i s  t h e  amount o f  s o l u t e  t r a n s f e r r e d  on t he  
w e t t e d  p l a t e  p l us  t h a t  due t o e n d - e f f e c t s  p e r  u n i t  
t i m e . .
Rp Reduced amount o f  s o l u t e  t r a n s f e r r e d  p e r  u n i t  t i m e ,  
which i s  t he  amount o f  s o l u t e  t r a n s f e r r e d  on t he  
w e t t e d  p l a t e  o n ly  p e r  u n i t  t i m e ,  i . e .  a f t e r  
e l i m i n a t i n g  t he  e n d - e f f e c t s .
I n  both methods ( I )  and ( I I )  d e s c r i b e d  be low,  the  
r e l a t i o n s h i p  between t h e  p r i m a r y  amount o f  s o l u t e  t r a n s f e r r e d  
p e r  u n i t  t ime  and the  f i l m  f l o w  r a t e  needs to be e s t a b l i s h e d  
e x p e r i m e n t a l l y .  The r e l a t i o n s h i p s  f o r  a l l  t h e  cases s t u d i e d  
a re  g i ven i n  F i g s . C B - l )  t o  ( B - 7 )  . The pr ocedur e  f o r  t h e  two 
methods used was as f o l l o w s :
Method ( I ) :  Back e x t r a p o l a t i o n
-  The p r im a ry  amount o f  s o l u t e  t r a n s f e r r e d  p e r  u n i t  t ime  
was p l o t t e d  as a f u n c t i o n  o f  the  c e l l  l e n g t h s  a t  ■: 
c o n s t a n t  f i l m  f l o w  r a t e s ,  as shown i n  F i g s . ( B - B )  t o ( B - 1 4 )  .
-  By back e x t r a p o l a t i o n  to zero l e n g t h ,  t he  amount o f  
s o l u t e  t r a n s f e r r e d  p e r  u n i t  t i m e  due to e n d - e f f e c t s  was 
d e t e rm i ne d ,  and by s u b t r a c t i o n ,  t he  ' r e d u c e d '  amount o f  
s o l u t e  p e r  u n i t  t ime was o b t a i n e d .
-  The p r i m a r y ,  ' r e d u c e d ' ,  and e n d - e f f e c t s  amount o f  s o l u t e  
t r a n s f e r r e d  p e r  u n i t  t i m e ,  f o r  a l l  cases s t u d i e d ,  as
d et er mi ne d us ing Method C l ) ,  a re  g i v en  i n  T ab l es  ( B - l )  
to ( B — 7) .
Method ( I I )
The f o l l o w i n g  terms were needed f o r  c a l c u l a t i o n s  to be 
c a r r i e d  o ut :
T r u e - p l a n e  ( I )  
T r u e - p l a n e  C11) 
T r u e - p l a n e  ( I I I )
[ L e n g t h  o f ]  (Length o f l  
^ 1 s t  c e l l  J [ 2 nd c e l l  J
I Length of*) ( Length o f  1 
\  2nd c e l l  J j_3rd c e l l  /
2 1 . 5  cm
2 5 . 5  cm
The f o l l o w i n g  s teps  were f o l l o w e d  f o r  c a l c u l a t i n g  the  
reduced amount o f  s o l u t e  t r a n s f e r r e d  p e r  u n i t  t ime  f o r  the  
f i r s t  c e l l ,  a t  each f i l m  f l o w  r a t e  v a l u e .
The amount o f  s o l u t e  
t r a n s f e r r e d  per  u n i t  
t im e  on T r u e - p l a n e  ( I )
1 s t  c e l l  p r i m a r y  amount I 
o f  s o l u t e  t r a n s f e r r e d  /  
p e r  u n i t  t im e  J
2nd c e l l  p r i m a r y  amount o f  s o l u t e  \ 
t r a n s f e r r e d  p e r  u n i t  t im e  J
The amount o f  s o l u t e  
t r a n s f e r r e d  p er  u n i t  
t i me  on T r u e - p l a n e  ( I I )
2nd c e l l  p r i m a r y  amount  
o f  s o l u t e  t r a n s f e r r e d  
p er  u n i t  t ime
3rd c e l l  p r im a ry  amount o f  s o l u t e  \ 
t r a n s f e r r e d  p e r  u n i t  t i me  J
The amount o f  s o l u t e  
t r a n s f e r r e d  p e r  u n i t  
t ime  on T r u e - p l a n e  ( I I I )
3rd c e l l  p r i m a r y  amount  
of  s o l u t e  t r a n s f e r r e d  
p e r  u n i t  t ime
4 th  c e l l  p r im a r y  amount o f  s o l u t e  \ 
t r a n s f e r r e d  p e r  u n i t  t ime  J
I
Reduced amount o f  
s o l u t e  t r a n s f e r r e d  pe r  
u n i t  t ime  f o r  t h e  
1 s t  c e l l
i T o t a l  amount o f  1 s o l u t e  t r a n s f e r r e d  V .. 9 2 . 0  
p e r  u n i t  t ime f o r  j 
a l l  t he  T r u e - p l a n e s  J
x 7 2 . 5
where
9 2 . 0  i s  the  f i r s t  c e l l  ' w e t t e d - p l a n e ' l e n g t h  i n  cms;
7 1 . 5  i s  t h e  t o t a l  l e n g t h  o f  the  T r u e - p l a n e s  ( I ) ,  ( I I )  
and ( I I I )  i n  cms.
F o l l o w i n g  the  above s t e p s ,  t he  ’ r e d u c e d ’ amount o f  
s o l u t e  t r a n s f e r r e d  pe r  u n i t  t im e  was c a l c u l a t e d .  The 
' p r i m a r y ' ,  ’ re duc ed '  and ’ e n d - e f f e c t s ’ amounts o f  s o l u t e  
t r a n s f e r r e d  p e r  u n i t  t i m e  as c a l c u l a t e d  using Method ( I I )  
f o r  a l l  cases s t u d i e d ,  a r e  g i ve n  i n  Ta bl es  ( B - 1 )  to ( B - 4 )  .
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Film  Flow Rate c. c. / min
Fig. (B .l) Primary amount of solute / ’absorbed11 per unit time as 
a function of film  flow rate. Angle of inclination 1°
□ 1st cell, ■ 2nd cell, o 3rd cell, •  4th cell.
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Fig. (B-2)
Film  Flow Rate c .c ./m in .
Primary amount of solute ” desorbed’1 per unit time as a 
function of film  rate. Angle of inclination 1°
□ 1st cell, ■ 2nd cell, o 3rd cell, •  4th cell.
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iFilm Flow Rate c. c. / min.
Fig. (B_3) Primary amount of solute "desorbed" per unit time as a 
function of film  flow rate. Angle of inclination 2°
□ 1st cell, ■ 2nd cell, o 3rd cell, •  4th cell.
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Film  Flow Rate c. c. / min
Fig. (B.4) Primary amount of solute "desorbed" per unit time as a 
function of the film  flow rate. Angle of inclination 3°
□ 1st cell, ■ 2nd cell, o 3rd cell, •  4th cell.
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Film  Flow Rate c .c ./m in .
Fig. (B_5) Primary amount of solute "desorbed" per unit time as a
function of film  flow rate. Angle of inclination 5°
□ 1st cell, m 2nd cell, o 3rd cell, •  4th cell.
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Fig. (B.6)
200100 300 400 500
Film  Flow Rate c .c ./m in .
Primary amount of solute MdesorbedM per unit time as a 
function of film  flow rate. Angle of inclination 10° 11*.
□ 1st cell, ■ 2nd cell, o 3rd cell, •  4th cell.
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Fig. (B.7)
100 200 300 400 500
Film  Flow Rate c .c ./m in .
Primary amount of solute ’’desorbed’1 per unit time as a 
function of film  flow rate. Angle of inclination 19° 13’ .
□ 1st cell, ■ 2nd cell, o 3rd cell, o 4th cell.
Pr
im
ar
y 
am
ou
nt
 
of 
so
lu
te
 
ab
so
rb
ed
 
pe
r 
un
it 
tim
e 
x 
10
6 
gm
ol
/s
ec
.
25
20 *
15 -
10
o
Length of the cells McmM.
Fig. (B_8) Primary amount of solute l!absorbedM per unit time as a 
function of the cell lengths. Angle of inclination 1°.
Film  flow rates., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c . /  min, 
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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F ig . (B-9) Primary amount of solute fldesorbed” per unit time as 
a function of the cell lengths. Angle of inclination 1°.
Film  flow rate., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c ./m in ,
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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Fig. (B-10) Primary amount of solute MdesorbedM per unit time as 
a function of the cell lengths. Angle of inclination 2°.
Film  flow rate., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c ./m in ,
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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Fig, (B_ll) Primary amount of solute "desorbed" per unit time as 
a function of the cell lengths. Angle of inclination 3°.
Film  flow rate., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c ./m in ,
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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Fig. (B.12) Primary amount of solute f desorbed11 per unit time as 
a function of the cell lengths. Angle of inclination 5°.
Film  flow rate., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c ./m in ,
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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Fig. (B-13) Primary amount of solute "desorbed" per unit time as
a function of the cell lengths. Angle of inclination 10° 11*.
Film  flow rate., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c ./m in ,
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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Fig. (B-14) Primary amount of solute 1’desorbed” per unit time as 
a function of the cell lengths. Angle of inclination 19° 13’ .
F ilm  flow rate., (1) 500 c .c ./m in , (2) 400 c .c ./m in ,
(3) 300 c .c ./m in , (4) 200 c .c ./m in ,
(5) 100 c .c ./m in , (6) 60 c .c ./m in .
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APPENDIX (C)
C C -I)  REFRACTIVE INDEX- CONCENTRATI ON RELATIONSHIP
FOR C02-WATER SYSTEM
C C - I I )  MODIFIED R ESIST IV ITY  METER FOR MEASURING
CARBON DIOXIDE CONCENTRATION IN WATER
CC-I )  R e f r a c t i v e  in d e x - c o n c e n t r a t i o n  r e l a t i o n s h i p  f o r  
C02- w a t e r  system
The o n ly  a v a i l a b l e  c o n c e n t r a t i o n - r e f r a c t i v e  index  
r e l a t i o n s h i p  f o r  C02- w a t e r  was de te rm ined  by Watson ( 1 9 5 4 ) .  
He used a R a y le ig h  i n t e r f e r o m e t e r  bu t  d id  not e s t a b l i s h  a 
d i r e c t  measurement o f  AN and AC. Watson measured the  change 
o f  c o n d u c t i v i t y  w i t h  r e f r a c t i v e  in d e x ,  then equated the  
r e l a t i o n s h i p  o b ta in e d  w i t h  Shedlovsky and Naclnnes (1935 )
* c o n c e n t r a t i o n - c o n d u c t i v i t y  r e l a t i o n s h i p ' As Watson 
r e s t r i c t e d  h is  measurements to d i l u t e  s o l u t i o n s  o f  carbon  
d i o x id e  in  w a t e r ,  some e r r o r  w i l l  be in t ro d u c e d  in  us ing the  
r e l a t i o n s h i p  o v e r  a wide c o n c e n t r a t io n  ra n g e .
The p r e s e n t  s tudy was f o r  th e  purpose o f  e s t a b l i s h i n g  a 
r e l a t i o n s h i p  between r e f r a c t i v e  in dex  and c o n c e n t r a t io n  o v e r  
a wide c o n c e n t r a t io n  ra n g e .  In  t h i s  way Watson’ s e q u a t io n  
could  be t e s t e d .  Th is  is  e s s e n t i a l  to  the  d e s o r p t io n  s tudy  
where s a t u r a t e d  s o l u t i o n s  o f  C02 in  w a t e r  were used.
P re v io u s  work on l i q u i d - l i q u i d  e x t r a c t i o n  r e p o r t e d  by 
Thomas, I s m a i l  and Palmer  ( 1 9 7 6 ) ,  a ls o  by I s m a i l  ( 1 9 7 3 ) ,  
in v o lv e d  th e  b u i l d i n g  o f  a Twyman-Green ty pe  i n t e r f e r o m e t e r .  
T h is  i n t e r f e r o m e t e r  has been m o d i f ie d  and used f o r  the  
p r e s e n t  purpose in  c o n ju n c t io n  w i t h  a s p e c i a l l y  c o n s t r u c te d  
c e l l .
A b r i e f  d e s c r i p t i o n  o f  the  i n t e r f e r o m e t e r ,  the  c e l l ,  
the  main o u t l i n e  o f  the  p ro c e d u re ,  r e f r a c t i v e  in d e x -  
c o n c e n t r a t io n  r e l a t i o n s h i p ,  the  r e s u l t s  and th e  r e l a t i o n s h i p s  
o b ta in e d  a re  g iven  be low.
(a )  The Twyman-Green i n t e r f e r o m e t e r
The arrangem ent  o f  the  m o d i f ie d  Twyman-Green i n t e r f e r o ­
m e te r  used in  t h i s  s tudy i s  shown in  F i g . ( C - 1 ) .  The a c t u a l  
o p t i c a l  l a y o u t  i s  shown in  F i g . C C - 2 ) .  The o p t i c a l  components 
were mounted on a t w o - s t o r i e d  wooden base .  The base was 
covered w i t h  a b la c k  l a y e r  o f  fo r m ic a  which was s tu c k  to the  
wood w i t h  A r a l d i t e .  The wooden base r e s i t e d  on a m e ta l  
framework which was s e p a ra te d  from th e  f l o o r  by r u b b e r  b locks  
to  e l i m i n a t e  v i b r a t i o n s .  A r e c t a n g u l a r  opening in  th e  top * 
s to r e y  o f  th e  wooden base was made to accommodate th e  c e l l  
and i t s  h o l d e r .  The l a t t e r  was supported  on the  lo w e r  storey,  
on a p l a t f o r m .  The c e l l  was p r o p e r l y  p lac e d  so as to be in  
the  o p t i c a l  path o f  the  system ( F i g  . (C-1-) ) .
Mode o f  o p e r a t io n
-  A 1 mW Hel ium-Neon gas l a s e r  was used as a l i g h t  s o u rc e .  
T h is  p ro v id ed  a v e ry  in t e n s e  c o l l i m a t e d  beam o f  mono­
c h ro m a t ic  red l i g h t .
-  The l a s e r  beam was focussed by a condensing le n s  (L^)
o f  s h o r t  f o c a l  l e n g th  on a sm al l  p in  ho le  in  a d iaphragm  
p lac e d  a t  CH) .  The p o i n t  source was a t  th e  focus o f  
the  lens  ( L2 3 •
-  P lane  waves emerging from lens  C 3 were p a r t l y  r e f l e c t e d  
and p a r t l y  t r a n s m i t t e d  by the  h a l f  s i l v e r e d  m i r r o r  (M ^ ) .  
The r e f l e c t e d  l i g h t  was a g a in  r e f l e c t e d  by the  m i r r o r  
(M2 ) and then  t r a n s m i t t e d  through (M^) to le ns  (Lg)»
The t r a n s m i t t e d  p o r t i o n  o f  the  l i g h t  passed through  th e  
c e l l ,  then r e f l e c t e d  by (M3 ) back through the  c e l l  and 
r e f l e c t e d  by (M^) on to le n s  ( L 3 ) .
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-  S ince  the  two l i g h t  beams to  ar|d ^ 3 ) were s u b je c t
to  the  same c o n d i t io n s  o f  r e f l e c t i o n  and t r a n s m i s s i o n ,  
the y  were o f  equa l  i n t e n s i t y  when recombined,  which gave 
maximum c o n t r a s t .  As a r e s u l t  o f  super im posing  both 
beams an i n t e r f e r e n c e  p a t t e r n  was o b se rv ed .  T h is  beam 
f rom (M^)-was then passed through an o b j e c t i v e  lens  (L^)  
which produced a sharp m a g n i f ie d  image o f  the  i n t e r ­
f e r e n c e  p a t t e r n  on the  v id i c o n  tube o f  a TV m o n i t o r .
-  t r y  was mounted such t h a t  i t  would be moved fo rw a rd s  o r  
backwards.  T h is  was made to compensate f o r  any change 
i n  the  ; o p t i c a l  path due to d i f f e r e n t  c e l l  le n g th s  
employed.
(b)  The c e l l s
Two c e l l s ,  s p e c i a l l y  designed and c o n s t r u c te d  f o r  t h i s  
s tu d y ,  were used. T h e i r  le n g th s  were 2 0 0 .0  mm and 1 0 0 .0  mm. 
One i s  shown in  F i g . C C - 3 ) .  The reason f o r  em ploy ing the  
2 0 0 . 0  mm c e l l  was to in c r e a s e  the  s e n s i t i v i t y  o f  th e  
measurements, as can be seen from e q u a t io n  ( t - 1 ) .  The two 
c e l l s  were made o f  a lum in ium  b a r  5 0 .0  mm in  d i a m e t e r ,  and the  
two windows were o f  o p t i c a l  f l a t  g l a s s .
(c )  Nain o u t l i n e s  o f  p rocedure
-  The c e l l  under c o n s id e r a t io n  was s e t  in  p o s i t i o n ,  f i l l e d  
w i t h  d i s t i l l e d  w a t e r ,  and the  o p t i c a l  a p p a ra tu s  was 
a d ju s t e d  such t h a t  a c l e a r  f r i n g e  p a t t e r n  was observed  
on the  TV s c re e n .
-  The pure w a t e r  was then  r e p la c e d  by d i l u t e  C02- w a t e r  
s o l u t i o n ,  and the number o f  f r i n g e s  d i s p l a c e d ,  as a 
r e s u l t ,  were c ounted .
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-  T h is  s te p  was re p e a te d  w i t h  a s l i g h t l y  h i g h e r  c o n c e n t r a t io n  
o f  C02 s o l u t i o n  u n t i l ,  s a t u r a t i o n  was re ac he d .
(d)  R e f r a c t i v e  i n d e x - c o n c e n t r a t i o n  r e l a t i o n s h i p
The r e l a t i o n s h i p  between th e  change in  r e f r a c t i v e  index  
and th e  number o f  f r i n g e s  d is p la c e d  i s  g iven  by:
AN = 6 , 3 2 8 2  ^ 1 0  x (£) (C -1 )
where
(^) i s  t h e  number o f  f r i n g e s  d is p la c e d
L i s  the  l e n g th  o f  th e  c e l l  in  cms
T h e r e f o r e ,  th e  r e f r a c t i v e  in d e x - c o n c e n t r a t i o n  r e l a t i o n ­
s h ip  could be e s t a b l i s h e d  from e q u a t io n  (C -1 )  and the  
r e l a t i o n s h i p  between c o n c e n t r a t io n  and th e  number o f  d i s p la c e d  
f r i n g e s  measured e x p e r i m e n t a l l y .
Th is  method o r  te c h n iq u e  is  v e ry  s e n s i t i v e  and cou ld  be 
used to  e s t a b l i s h  r e f r a c t i v e  i n d e x - c o n c e n t r a t i o n  r e l a t i o n s h i p  
f o r  o t h e r  systems where r e f r a c t i v e  index changes a re  not  
d e t e c t a b l e  by o t h e r  t e c h n iq u e s ,  e . g .  Abbe r e f r a c t o m e t e r .
(e )  R e s u l ts  and r e l a t i o n s h i p s  o b ta in e d
Given in  Ta b le  (C -1 )  a re  the  number o f  f r i n g e s  d i s p la c e d  
as the  c o n c e n t r a t io n  changes, f o r  both c e l l s .
The r e l a t i o n s h i p  between c o n c e n t r a t io n  and the number o f  
f r i n g e s  d is p la c e d  a re  shown in  F i g s . ( C - 4 )  and (C -5 )  f o r  both  
c e l l s .
R e f r a c t i v e  in d e x - c o n c e n t r a t i o n  r e l a t i o n s h i p s  f o r  th e  
carbon d i o x i d e - w a t e r  system o b ta in e d  a re  g iven  by:
1. 1 s t  c e l l :  AN = 1 .2 2 5  x 10 3 AC g m o l / l i t r e
2 .  2nd c e l l :  AN = 1 . 0 0 9 . x  10 3 AC g m o l / l i t r e
3. Watson’ s (1954 )  r e l a t i o n s h i p :
AN = 1 .1 0 9  x 10 3 AC g m o l / l i t r e
I t  i s  b e l i e v e d  t h a t  the  second r e l a t i o n s h i p  is  th e  
most a c c u ra te  one, s in c e  the  second c e l l  i s  th e  lo n g e s t  
used. I t  i s  obvious t h a t  both the  f i r s t  and second 
r e l a t i o n s h i p s  agree  w i t h i n  ±10% o f  W atson’ s r e l a t i o n s h i p .
T a b le  (C-1) .
Number o f  f r i n g e s  d i s p la c e d  as the  
c o n c e n t r a t io n  changes f o r  the  two c e l l s
1 s t  c e l l :  c e l l  l e n g th  = 2 0 0 . 0  cm
Cone o f  C02 
g m o l / l i t r e
Average number o f  
f r i n g e s  d is p la c e d
0 .0 0 0 6 5 0  
0 .0 0 4 0 2 4  
0 .0 0 7 8 4 8  
0 .0 1 1 5 2 2  
0 .0 1 7 4 4 6  
0 .0 2 02 20
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2 .7
3 .5
3 .2
3 .0
2 .4
2 nd c e l l :  c e l l  l e n g th  = 1 0 0 . 0  cm
Cone o f  C02 
g m o l / l i t r e
Average number of  
f r i n g e s  d is p la c e d
0 .0 0 0 7 2 5
0 .0 0 2 9 7 4
0 .0 0 4 9 2 3
0 .0 0 6 6 4 8
0 .0 0 9 54 8
0 .0 1 4 0 7 2
0 .0 1 8 7 2 0
0 .02 2 61 9
1 . 5
1 . 5
2 . 8
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Average number o f  f r i n g e s  d i s p la c e d
F i g . ( C - 4 )  'C o n c e n t r a t i o n  o f  C02 -  number o f  f r i n g e s  d i s p l a c e d ’ 
r e l a t i o n s h i p  f o r  the  1 s t  c e l l ,  i . e .  c e l l  le n g th  = 2 0 0 . 0  mm
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Average number o f  f r i n g e s  d i s p la c e d
F i g . ( C - 5 )  'C o n c e n t r a t io n  o f  C02 - number o f  f r i n g e s  
d i s p l a c e d ’ r e l a t i o n s h i p  f o r  the  2nd C e l l ,  i . e .  c e l l  le n g t h  
= 1 0 0 . 0  mm.
( C - I I )  M o d i f ie d  r e s i s t i v i t y  m e te r  f o r  measuring  
C02 in  w a t e r
The measuring o f  th e  c o n c e n t r a t io n  o f  C02 in  w a t e r  by 
sampling and a s ta n d a rd  t i t r a t i o n  procedure  was t e d i o u s .  
T h e r e f o r e ,  i t  was dec ided to  f i n d  a n o th e r  c o n v e n ie n t  method.
A r e s i s t i v i t y  m e te r ,  d e s c r ib e d  by Tom^s Russ ( 1 9 7 5 ) ,  
was m o d i f ie d  and b u i l t  to  s u i t  our  purpose.  Great  c are  was 
necessary  f o r  measuring s m a l l  c o n c e n t r a t io n  d i f f e r e n c e s  o f  
C02 in  w a t e r ,  and a t  the  same t im e  m in im is in g  th e  e f f e c t  o f  
th e  i n l e t  and e x i t  chambers’ dimensions on the  r e s i s t i v i t y  
measurements. Th is  was ach ieved  by in t r o d u c i n g  the  
f o l l o w i n g  m o d i f i c a t i o n s :
(a )  In  th e  probes
-  Two p la t in u m  w i r e s  0 .5  mm d ia m e te r  and 1 2 .0  mm le n g th  
were used as e l e c t r o d e s .
-  A d is t a n c e  o f  1 .0  mm between th e  two e l e c t r o d e s ,  i . e .  
th e  p la t in u m  w i r e s .
One o f  th e  probes is  shown in  F i g . ( C - 6 ) ( a ) .
(b) In  th e  c i r c u i t
Values f o r  the  c a p a c i t o r  C^, f o r  which s m a l l  d i f f e r e n c e s  
in  th e  C02 c o n c e n t r a t io n  were d e t e c t a b l e ,  were found to  be:
= 0 .0 4 7  yF; 0 .1  yF; 0 .2 2  .yF
The m o d i f ie d  r e s i s t i v i t y  m e te r  c i r c u i t  is  shown in  F i g . ( C - 7 ) .
To overcome i m p e r f e c t i o n s  in  the  c u r r e n t  f lo w  and o t h e r  
e f f e c t s  a t  th e  e l e c t r o d e s ,  i t  was adv is e d  to  coat  the  
e le c t r o d e s  e l e c t r o l y t i c a l l y  from a s o l u t i o n  o f  c h l o r o p l a t i n i c  
a c id  w i th  a t h i n  l a y e r  o f  p la t in u m  c a l l e d  ' p l a t i n u m  b l a c k ’ 
because o f  i t s  c o lo u r  ( L e v i t t  ( 1 9 7 3 ) ) .
Four probes were used, one a t  th e  i n l e t  and t h r e e  a t  
the  e x i t .  Two o f  the  t h r e e  a t  th e  e x i t  were f i x e d  a t  the  
r i g h t  and l e f t  s id e s  o f  th e  d i v i d e r  p l a t e  (see  s u b s e c t io n s  
( 3 . 3 )  and ( 4 . 3 ) ) ,  where th e  re a d in g s  would be a f f e c t e d  by 
the  meniscus,  and th e  t h i r d  was f o r  th e  measurements o f  
c o n c e n t r a t io n  in  th e  c e n t r a l  s e c t i o n .  The arrangem ent  o f  
th e  t h r e e  probes a t  th e  e x i t  w i th  th e  d i v i d e r  p l a t e  is  
shown in  F i g . ( C - 6 ) ( b ) .
The r e s i s t i v i t y  measurements were re co rd ed  f o r  
d i f f e r e n t  c o n c e n t r a t io n s  o f  C02 in  w a t e r  f o r  t h r e e  d i f f e r e n t  
v a lu e s  o f  . The c a l i b r a t i o n  curves o b ta in e d  f o r  the  
r e s i s t i v i t y  m eter  a re  shown in  F i g . ( C - B ) .
Elect rods Glass tube
to resistivity 
meter
Fig.( C_ 6.) ’ a The ,probe_
__to resistivity meter
/  t
LJ3. probe.
Central, probe
R .S. probe
F ig .(C _ 6 )’ b ’ Arrangement of the three exit probes
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0 .0 3 0
0 .0 2 5
0 . 0 2 0
0 .0 1 5
0.010
0 .0 0 5
0 . 0 0
0 . 0 0 0 .0 40 . 0 2 0 .0 6 0 .0 8
1 /m ic ro -a m m e te r  re a d in g s  —
F i g . ( C - B )  C a l i b r a t i o n  curves f o r  th e  r e s i s t i v i t y  m e te r  f o r  
th r e e  d i f f e r e n t  va lu e s  o f  C^.
1 -  C1 = 0 . 0 4 7  pFi  2 -  C 1 = 0 . 1  pF i  3 -  C 1 = 0 . 2 2  p F .
APPENDIX D
Table (D .2 -1 )
Model ( I )  p re d ic tio n s  fo r  the amount o f s o lu te  tra n s fe rre d  per u n it
tim e fo r  d i f fe r e n t  values o f the f i lm  flow  r a te .
Film Film Thickness Surface Amount of solute
Flow _ V 3vQ Velocity DL transferred per
Rate Wgsinft
gh2sin8
n
h2u
m unit time
»'c. c. /min’1 "cm11
2v
flcm/sec” "gmol/sec11
o 
1—1
eo
60.0
100.0
0.088
0.104
6.5895
9.2035
0.036418
0.018669
11.84 x 10“6 
13.76 x 10~6
4->
e 200.0 0.131 14.6025 0.007416 16.81 x H T 6
• H
t—t
O
G
300.0 0.150 19.1456 0.004314 19.35 x 10"6
o 400.0 0.165 23.1661 0.002947 21.87 x H r 6
a)
r—1
00
r i
500.0 0.178 26.9603 0.002176 24.37 x 10-6
< 600.0 0.189 30.3955 0.001712 27.00 x 10-6
oCN
O
60.0
100.0
0.0697
0.0827
8.2911
11.6724
0.046138
0.023279
13.41 x 10”6 
15.50 x 10"6
4-1
C 200.0 0.1042 18.5303 0.009237 18.85 x 10“6
1—1oC 300.0 0.1192 24.2494 0.005394 21.50 x 10”6
M-4
O 400.0 0.1312 29.3775 0.003675
24.00 x 10“6
<1)rH
00
500.0 0.1414 34.1229 0.002724 26.50 x 10-63 600.0 0.1502 38.5024 0.002140 29.06 x 10"6
Table (D .2 -2 )
M o d e l '( I )  p re d ic tio n s  fo r  the amount o f so lu te  tra n s fe rre d  per u n it
time fo r  d i f fe r e n t  values of the f i lm  r a te .
Film Film Thickness Surface Amount of solute
Flow
_  y  3 v q Velocity D L Transferred per
Rate Wgsin3 _ gh2sin8 
2v
h  -
h2um unit time
t i c.c. /min" "cm” "cm/sec" • "gmol/sec"
60.0 0.0609 9.4638 0.052947 14.4 x 10“6
o
0 0
do
100.0 0.0722 13.3016 0.026802 16.7 x 1CT6
•H
U
tti
e
200.0 0.0910 21.1307 0.010620 20.3 x 10-6
•H
r—1
O
P*
300.0 0.1042 27.7055 0.006178 23.0 x 10”6
•H
4-1
O
400.0 0.1147 33.5704 0.004208 25.5 x 10“6
a)
r-1
to
500.0 0.1235 38.9192 0.003131 28.0 x lo“6
3 600.0 0.1313 43.9906 0.002451 30.5 x io“6
o
U~j
60.0 0.0514 11.2267 0.062656 15.7 x 10“6
do
• H
100.0 0.0609 15.7602 0.031794 18.4 x 10“6
■P
d
d
• H
200.0 0.0768 25.0639 0.012571 22.2 x 10”6
r-H
O
d
300.0 0.0879 32.8325 0.00733 25.1 x 10”6
4-i
o 400.0 0.0967 39.7355 0.005002 27.7 x 10~6
<u
r—1
bO
d
<J
500.0
600.0
0.1042
0.1107
46.1383
52.0740
0.003710
0.002912
30.1 x 10"6 
32.6 x 10“6
Table (D .2 .3 )
Model ( I )  p re d ic tio n s  fo r  the amount o f so lu te  tra n s fe rre d  per u n it
tim e fo r  d i f fe r e n t  values of the f i lm  flo w  r a te .
Film Film Thickness Surface Amount of solute
Flow . V   ^i Velocity D L Transferred per
Rate Wg sing gh^sing
T|
h2u
m unit time2v
"c.c./min" "cm" "cm/sec" "gmol/sec"
t-i 6 0 . 0 0 . 0 4 1 1 4 . 4 9 0 3 0 . 0 7 6 2 9 5 1 7 . 4  x 1 0 ” 6
o
or—f
ri
1 0 0 . 0 0 . 0 4 8 1 9 . 8 6 0 5 0 . 0 4 0 6 1 3 2 0 . 9  x 1 0 “ 6
Ho
•rl4-1
tdcs•H
I
2 0 0 . 0 0 . 0 6 1 3 2 . 0 7 5 1 0 . 0 1 5 5 7 1 2 4 . 9  x 1 0 ~ 6
3 0 0 . 0 0 . 0 6 9 4 1 . 0 3 9 9 0 . 0 0 9 5 1 1 2 8 . 7  x 1 0 “ 6
o
•rl AOO.O 0 . 0 7 6 4 9 . 7 8 9 3 0 . 0 0 6 4 6 2 3 1 A  x 1 0 " 6
O
a)
T-ito
5 0 0 . 0 0 . 0 8 2 5 7 . 9 6 1 0 0 . 0 0 4  768 3 3 . 8  x 1 0 - 6
6 0 0 . 0 0 . 0 8 8 6 6 . 7 5 3 5 0 . 0 0 3 5 9 5 . 3 5 . 7  x 1 0 “ 6
CO
r-4 6 0 . 0 0 . 0 3 3 1 7 . 4 7 5 9 0 . 0 9 7 6 5 1 9 . 6  x 1 0 - 6
<T>
r-i 1 0 0 . 0 0 . 0 3 9 2 4 . 4 0 8 5 0 . 0 5 0 0 5 8 2 3 . 3  x 1 0 “ 6
C30  
•rl 4J
ctf
C•H 1___________(
2 0 0 . 0 0 . 0 4 9 3 8 . 5 3 0 5 0 . 0 2 0 0 8 8 2 8 . 7  x 1 0 ” 6
3 0 0 . 0 0 . 0 5 6 5 0 . 3 2 5 6 0 . 0 1 1 7 7 5 4 3 2 . 2  x 1 0 ~ 6
Oc
•rl 4 0 0 . 0 0 . 0 6 2 6 1 . 6 8 7 3 0 . 0 0 7 8 3 7 3 4 . 6  x 1 0 ~ 6
M-4
O
a) 
1—1
60
5 0 0 . 0 0 . 0 6 7 7 2 . 0 3 8 1 0 . 0 0 5 7 4 7 3 7 . 0  x 1 0 - 6
6 0 0 . 0 0 . 0 7 1 8 0 . 8 9 6 4 0 . 0 0 4 5 5 7 3 9 . 6  x 1 0 " 6
Table (D .5 -1 -1 )
Flow rate data.
Total Flow 
Rate 
"c.c./min"
Total
Reynolds
Number
Film "centre" 
Flow Rate 
"c.c./min"
Film "centre"
Reynolds
Number
Right/Left 
Flow Rate 
"c.c./min"
Right/Left
Reynolds
Number
An
gl
e 
of
 
in
cl
in
at
io
n 
1°
250.
500.
750.
1000.
1250.
1500.
1750
2000
212.6
425.2
637.8
850.5
1063.1
1275.7
1488.3
1700.9
50.0
138.0
227.0
315.0
405.0
495.0
580.0
672.0
127.6
352.1
579.1
803.7 
1033.3 
1262.9 
1479.8 
1714.5
100.0
181.0
261.5
342.5
422.5
502.5
585.0
664.0
265.3
480.3 
693.9 
908.8
1121.1
1333.3
1552.2
1761.9
oCN
C
250.0
500.0 425.2 119.0 303.6 190.5 505.5
o•H4J
cd
a•HiH
750.0 637.8 205.0 523.0 272.5 723.1
1000.0 850.5 292.0 745.0 354.0 939.3
a•H 1250.0 1063.1 373.0 951.7 438.5 1163.5
M-l
O
a) 1500.0 1275.7 472.0 1204.2 514.0 1363.9i—i 
60 
C 
<J 1750.0 1488.3 558.0 1423.7 596.0 1581.4
2000.0 1700.9 651.0 1660.9 674.5 1789.7
0CO
250.0
500.0 425.2 100 .0 255.1 200.0 530.7
C5o•H 750.0 637.8 185.0- 472.0 282.5 749.6■P
cd
C3•H 1000.0 850.5 270.0 688.9 365.0 968.5r-4O
c•H 1250.0 1063.1 353.0 900.6 448.5 1190.1
14-1O 1500.0 1275.7 445.0 1135.4 527.5 1399.7
(1)r-4
to
c 1750.0 1488.3 533.0 1359.9 608.5 1614.6
2000.0 1700.9 630.0 1607.4 685.0 1817.6
Table  (D .5 -1 -2 )
Flow rate data.
Total Flow Total Film "centre" Film "centre" Right/Left Right/Left
Rate Reynolds Flow Rate Reynolds Flow Rate Reynolds
"c.c./min" Number "c.c./min" Number "c.c./min" Number
250.0
o 500.0 425.2 88.0 224.5 206.0 546.6
C0
•H1 i
750.0 637.8 167.0 426.1 291.5 773.5
cd
c 1000.0 850.5 250.0 637.8 375.0 995.0
Ho
C
•H
1250.0 1063.1 335.0 854.7 457.5 1213.9
mo
a)i-t60
■§
1500.0 1275 .7 423.0 1079.2 538.5 1428.9
1750.0 . 1488.3 515.0 1313.9 617.5 1638.5
2000.0 1700.9 609.0 1553.8 695.5 1845.4
250.0
o 500.0 425.2 75.0 191.4 212.5 563.9
to
Cio
♦H
750.0 637.8 155.0 395.5 297.5 789.4
•P
drj 1000.0 850.5 232.0 591.9 384.0 1018.9H
•H
i—1ofj 1250.0 1063.1 312.0 796.0 469.0 1244.4
•H
U-l
o 1500 .0 1275.7 400.0 1020.5 550.0 1459.4
<ur—1 
60 
r*
1750.0 1488.3 490.0 1250.2 630.0 1671.6
s 2000.0 1700.9 590.0 1505.3 705.0 1870.7
r—l 250.0
iH
O© 500.0
1—1
g
•H
750.0 637.8 103.0 262.8 323.5 ,858.4
U
cdr! 1000.0 850.5 170.0 433.7 415.0 1101.2M
•H
iH
Or* 1250.0 1063.1 242.0 617.4 504.0 1337.3H
•H
U-l
O
1500.0 1275.7 325.0 829.2 587.5 1558.9
a)
i—460r*
1750.0 1488.3 407.0 1038.4 671.5 1781.8
2000.0 1700.9 500.0 1275.7 750.0 1990.1
Table (D.5-1-3) 
Flow rate data.
Total Flow To tal Film "centre" Film "centre" Right/Left Right/Left
Rate Reynolds Flow Rate Reynolds Flow Rate Reynolds
"c.c./min11 Number "c.c./min" Number "c.c./min" Number
i-i
250.0
o . 500.0
r-4
ao
•rl
750.0 637.8 95.0 244.8 327.5 869.0
■U
c 1000.0 850.5 155.0 399.4 422.5 1121.1
•rl 
r—I
o
G• H
1250.0 1063.1 210.0 541.2 520.0 1379.8
iw
o 1500.0 1275.7 275.0 708.7 612.5 1625.2
a)
»—i
60C{
1750.0 1488.3 357.0 920.0 696.5 1848.1
<3
2000.0 1700.9 ‘450.0 1159.6 775.0 2056.4
co 250.0
r - i
o
(J\ 500.0
|—I
CJo
•H
750.0 637.8 90.0 229.6 330.0 875.6
4J
Oj
a 1000.0 850.5 145.0 370.0 427.5 1134.2
•rl
r-lO
C*
•rl
1250.0 1063.1 195.0 497.5 527.5 1399.7
IW
o 1500.0 1275.7 255.0 650.6 622.5 1651.7
a)i-i
60c
1750.0 1488.3 320.0 816.4 715.0 1897.2
-S3
2000.0 1700.9 393.0 1002.7 803.5 2132.0
Table (D .5 -1 -4 )
Film thickness results
Film Flow Film Film Film Film
Rate Reynolds’ Thickness Thickness Thickness
Number "Interfer- "Travelling "Nusselt
"c.c./min" "Rep- gram" microscope" predictions"
"mm" m m "mm"
50.0 127.6 0.77 0.74 0.83
o
r-4
138.0 352.1 1.12 1.08 1.17
d
O 227.0 579.1 i.34 1.30 1.38
• n
■u
cd
d 315.0 803.7 1.54 1.45 1.53
(J
d
• H
405.0 1033.3 1.67 1.59 1.66
IH
O 495.0 1262.9 1.77 1.70 1.77
OJ
«“ l
bO
<!
580.0 1479.8 1.88 1.81 1.87
672.0 1714.5 1.98 1.90 1.96
o
CM 119.0 303.6 0.81 0.88
do
• r l  j i 205.0 523.0 1.04 1.05
cd '
d
• r l
_ i 292.0 745.0 1.22 1.19r - io
d
• H 373.0 951.7 1.35 1.29
CM
O
d)
r-H
bO
d
<
472.0 1204.2 1.47 1.39
558.0 1423.7 1.57 1.47
o
CO 100.0 255.1 0.66 0.72
d
0
• H1 > 185.0 472.0 0.89 0.89
cd
d
• Ht | 270.0 688.9 1.04 1.01
o
d
• H 353.0 900.6 1.17 1.10
o
a)
i—<
445.0 1135.4 1.29 1.18
bO
*§ 533.0 1359.9 1.35 1.26
Table (D .5 -1 -5 )
Film thickness results
Film Flow Film Film Film
Rate ReynoIds Thickness Thickness
Number "Travelling "Nusselt
"c.c./min" "ReF" microscope"
H -_ _ Hmm
predictions"
"mm"
o 88.0 224.5 0.56 0.584
m
pio 167.0 426.1 0.73 0.723•Hj i
qj 250.0 637.8 0.84 0.827
•H
H
O
qj 335.0 854.7 0.98 0.912
•H
IW
O 423.0 1079.2 1.05 0.986
<1) r—1
toO 515.0 1313.9 1.09 1.052
-S
609.0 1553.8 1.16 1.113
qj 103.0 262.8 0.42 0.49
o
•rl■P
cd 170.0 433.7 0.55 0.58
PI,  J•ri
i-io *- 242.0 617.4 0.61 0.65
•rl M O
M-l O 325.0 829.2 0.67 0.71
O i—1
0)fH 407.0 1038.4 0.70 0.77
W)H
5 500.0 1275.7 0.78 0.82
C3o 90.0 229.6 0.34 0.38
•H4J
d
pj 145.0 370.0 0.39 0.44
•H_ ir i
o -
qj co 195.0 497.5 0.43 0.49
•rl i—1
m <J\
O i—1 255.0 650.0 0.45 0.54
a)i—i
too 320.0 816.4 0.50 0.58
CJ
3^
393.0 1002.7 0.56 0.62
Table (D .5 -2 -1 )
Primary average concentration results (C02-H20 absorption) 
Angle of inclination 1°
Initial temperature 20.0°C.
Film
Flow
Rate
"c.c./min"
Film
Reynolds
Number
"Rep11
Primary a 
partic
1st Cell
mount of so] 
ular contact
2£l Cell
ute "absorb( 
length "gmc
3l£l Cell
id" after a 
51/cm3"
4J*. Cell
■64.0 163.3 9.375 10"6 7.266 io-6 5.625 10“6 3.516 10"6
100.0 255.1 7.350 10“6 5.550 10“6 4.275 10“6 3.00 10“6
140.0 357.2 5.786 10“6 4.929 10"6 3.589 10-6 2.143 10“6
170.0 433.7 5.029 10“6 4.235 10“6 3.353 10”6 2.118 10“6
230.0 586.8 4.207 10“6 3.467 10“6 2.804 10“6 1.728 10~6
312.0 796.0 3.750 10"6 3.077 10 ”6 2.596 10"6 1.851 10“6
404.0 1030.7 3.212 10”6 2.878 10-6 2.172 10~6 1.727 10-6
490.0 1250.2 3.00 10"6 2.495 10"6 2.082 10“6 1.531 10 “6
580.0 1479.8 2.716 10“6 2.392 10“6 1.979 10”6 1.474 10 ”6
Table (D .5 -2 -2 )
Prim ary average concentra tion  re s u lts  (CO^-H^O desorption)
I n i t i a l  tem perature 20 .0 °C .
Film
Flow
Rate
"c.c./min"
Film
Reynolds
Number
"Rep-
Primary c 
particula
1—  Cell
imount of solut 
ir contact leng
2Hl cell
:e "desorbed" 
th x 106 "gm<
3£l Cell
after a 
Dl/cm3"
4—  Cell
84.0 214.3 6.571 5.286 4.429 2.857
o
r-4
120.0 306.2 5.000 4.600 3.750 2.500
ti
O•H4->
Cti
156.0 398.0 4.269 3.692 2.962 2.077 *
0•Hr—1O
0•H
208.0 530.7 3.808 3.231 2.567 1.875
*4-4
O
0)
tH
290.0 739.9 3.021 2.690 2.172 1.676
to
§
386.0 984.8 2.596 2.332 1.928 1.492
470.0 1199.1 2.362 2.145 1.762 1.353
560.0 1428.8 2.218 1.896 1.596 1.232
120.0 306.2 6.065 4.940 3.625 2.44
0
CM
8
168.0 428.6 4.732 3.929 3.304 2.143
•H4-J
ca
0•r4r-4
204.0 520.0 4.265 3.715 2.906 1.838
O
0•H
K-l
O
292.0 745.0 3.699 3.160 2.414 1.849
0) 
i—1
to
5
370.0 944.0 3.183 2.797 2.230 1.622
470.0 1199.1 2.872 2.538 1.963 1.436
558.0 1423.7 2.634 2.285 1.828 1.398
Table (D .5 -2 -3 )
Prim ary average co n cen tra tio n  re s u lts  (C02“H20 desorption)
I n i t i a l  tem perature 20.0°C
Film Film
Primary amount of solute "desorbed" after a
Flow Reynolds
' particular contact length x  106 "gmol/cm3"
Rate Number
t'c.c./min" "Re " l£t Cell 2£l Cell 3II Cell 4J*_ Cell
o
co
H
100.0 255.1 7.578 6.150 4.278 3,096
Ho
• H
■U 186.0 474.6 5.000 4.236 3.429 2.139
. 9
r-4
270.0 688.9 4.307 3.584 2.778 2.084
O
.9 352.0 898.1 3.707 3.153 2.514 1.747
iwo
CJ
444.0 1132.8 3.396 2.957 2.365 1.622
r-4
W>
5
554.0 1413.5 2.951 2.572 2.139 1.449
o 75.0 191.4 9.920 8.000 5.760 3.280
m
C,
o 156.0 398.0 6.308 5.385 3.539 2.615
cd
d
232.0 591.9 5.431 4.526 3.207 2.069
•rH 
r—\ 
O
•S
310.0 790.9 5.032 4.219 3.077 2.207
O 400.0 1020.5 4.350 3.510 2.910 1.890
0) 
r-1
bO 490.0 1250.2 3.967 3.233 2.547 1.763
■§
590.0 1505.3 3.631 3.092 2.298 1.627
Table (D .5 -2 -4 )
Prim ary average co n cen tra tio n  re s u lts  (CO^-H^O desorption)
I n i t i a l  tem perature 20.0°C
Film Film
Primary amount of solute "desorbed11 after a
Flow Reynolds particular contact length x 106 'gmol/cmS"
Rate Number
i c.c./min" "ReF„ l£t Cell 2111 Cell 3£i Cell 4  th  C e ll
eo
104.0 265.3 11.077 8.596 5.885 3.462
•H
4J
ca
c
•iH
170.0 433.7 8.082 6.988 5.153 2.894
rH
O
G
•H
r-H
rH
242.0 617.4 6.942 5.653 4.165 2.727
O
O
O
r—1
324.0 826.6 5.741 4.815 3.444 2.222
a)
pH
W)
rj
406.0 1035.9 5.350 4.522 3.222 2.128
< 500.0 1275.7 5.016 4.296 3.000 2.052
s
90.0 229.6 14.500 11.833 8.333 4.833
•H
VI
ca 
a
•H
144.0 367.4 10.938 9.063 5.938 3.958
pH
O
CJ
•H
CO
pH
196.0 500.1 9.337 7.270 5.204 2.908
MH
O
0
O'.
pH
256.0 653.1 7.676 6.387 4.453 2.813
0)
rHt>0
■ §
320.0 816.4 7.313 6.000 4.219 2.719
396.0 1010.3 6.818 5.189 3.977 2.424
Table (D .5 -2 -5 )  (CO^-H^O absorption)
Primary, Reduced, and Theoretical predictions for the amount 
of solute "absorbed" per unit time for different values of film 
flow rates. '
Angle of inclination 1°.
Film Film Amount of solute "absorbed" pre unit time x 106 "gmol/s"
Flow Reynolds Theoretical Predictions
Rate Number Experimental Model-II
Model-I 2nd Order 3r<* Order 4t*1 Order
"c.c./min" ’’Rep,, Primary Reduced Poly.AppH Poly .AppH. Poly .Appll
60.0 153.0 10.0 8.0 11.84 12.5 13.2 11.8
100.0 255.1 11.50 8.6 13.76 14.9 15.7 1.4.i
200.0 510.3 15.30 10.5 16.81 18.8 19.9 17.8
300.0 765.4 18.75 12.2 19.35 21.5 22.8 20.4
400.0 1020.5 21.75 13.5 21.87 23.7 25.2 22.5
500.0 1275.7 24.50 14.5 24.37 25.6 27.1 24.2
600.0 1530.0 27.00 15.86 27.00 27.1 28.8 25.8
Table (D .5 -2 -6 )  (CO^-H^O desorption)
Primary, Reduced, and Theoretical predictions for the amount of solute 
"desorbed" per unit time for different values of film flow rates.
Film Film Amount of solute "desorbed" per unit x 106 "gmol/s"
Flow Reynolds Experimental Theoretical Predictions
Rate Number Model-II
Model-I 2nd Order 3rd Order 4th Orde
t i c.c./min" "Pp Primary Reduced Poly .AppB. Poly.AppH Poly .App1
o
60.0 153.0 7.8 6.1 11.84 12.5 13.2 11.8
r—1
tio
100.0 255.1 9.3 6.6 13.76 14.9 15.7 14.1
• H
■U
ti
200.0 510.3 12.5 7.6 16.81 18.8 19.9 17.8
• H
r-t
O
ti
300.0 765.4 15.2 8.7 19.35 21.5 22.8 20.4
• H
o
400,0 1020.5 17.5 9.8 21.87 23.7 25.2 22.5
<u
*— t 60 ti
500.0 1275.7 19.6 11.0 24.37 25.6 27.1 24.2
< 600.0 1530.0 27.00 27.1 28.8 25.8
60.0 153.0 9.0 7.2 13.41 13.97 13.25
CN1
tio 100.0 255.1 10.8 8.0 15.50 16.59 17.67 15.76• H
titi
200.0 510.3 14.8 10.1 18.85 21.01 22.32 19.94
• r t
r-t
Oti
300.0 765.4 18.0 11.7 21.50 24.12 25.67 22.92
•H
IW
O
400.0 1020.5 20.8 13.0 24.00 26.62 28.17 25.31
a)
r - t00
rj
500.0 1275.7 23.3 14.2 26.50. 28.65 30.44 27.22
C 600.0 1530.0 29.06 30.44 32.35 28.89
Table (D .5 -2 -7 )  (CC^-H^O desorp tion )
Primary, Reduced, and Theoretical predictions for the amount of solute
"desorbed" per unit time for different values of film flow rates.
Film Film Amount of solute "desorbed" per unit time x 106 "gmol/s"-
Flow Reyriolds Experimental Theoretical Predictions
Rate Number Model-II
Hodel-I 2nc* Order 3rc* Order 4th Order
"c.c./min" "Re Primary Reduced Poly.AppH Poly.AppH Poly.Appn
o
CO 60.0 153.0 10.3 8.2 14.4 14.9 14.20
tiO
•rl
■U
100.0 255.1 12.3 9.4 16.7 17.8 18.9 16.95
cd
G
•rl
i—1O
. 3
200.0 
300.0
510.3
765.4
16.5
20.4
12.0
14.1
20.3 
23.0
22.6
25.8
23.9
27.3
21.4
24.5
4-4
O
0)
W)ti
<
400.0 1020.5 23.8 15.8 25.5 28.4 30.2 26.98
500.0 1275.7 26.8 17.4 28.0 30.7 32.5 29.1
600.0 1530.0 30.5 32.6 34.5 30.9
o
m
60.0 153.0 11.2 9.4 15.7 i5.4
ti
o
•rl
100.0 255.1 13.7 10.9 18.4 20.5 18.4
4-J
cd
• 3
200.0 510.3 I S . 6 14.7 22.2 26.0 23.3
r t
r-fo
. g
300.0 765.4 24.6 17.9 25.1 29.9 26 .6
4 4
O 400.0 1020.5 29.0 20.7 27.7 32.8 29.4
a)
r— I
too
S.
500.0
600.0
1275.7
1530
32.8 23.0 30.1
32.6
35.3
37.6
31.6
33.7
Table (D .5 -2 -8 )  (CO^-H^O desorp tion )
Primary, Reduced, and Theoretical predictions for the amount of 
solute "desorbed11 per unit time for different values of film flow rates.
Film Film Amount of solute "desorbed" per unit time x 106 gmol/s"
Flow Reynolds Experimental Theoretical Predictions
Rate Number Mode1-1I
Model-I 2_nd Order 3rd Order 4th Order
tic.c./min" "ReF„ Primary Reduced Poly.AppH Poly .AppB. Poly .AppB.
.1— 1
i—t 60.0 153.0 15.0 12.7 17.4o
O
r—t
£
100.0 255.1 18.0 14.8 20.9 20.7
O
•rl
■M
200.0 510.3 24.8 19.7 24.9 29.1 26.1
G
• H 300.0 765.4 30.9 24.0 28.7 33.6 30.1
O
cJ
•r-l 400.0 1020.5 36.5 28.0 31.4 36.9 33.1
iw
o
QJ
rH
6 0
- §
500.0 1275.7 41.8 31.9 33.8 39.9 35.6
600.0 1530.0 35.7 42.3 37.8
c o
i— i
60.0 153.0 19.5 16.8 19.6
o
O N
r-l
qj
100.0 255.1 22.75 19.2 23.3 2 2 . 8
O
•rl
4J
200.0 510.3 30.50 25.1 28.7 32.4 29.0
C
• H 300.0 765.4 37.75 30.4 32.2 37.1 33.3
OHc
• H 400.0 1020.5 44.00 35.1 34.6 40.9 36.7
M-l
O
<U
500.0 1275.7 49.75 39.6 37.0 44.2 39.5
r-l
6 0
c
< 600.0 1530.0 39.6 46.9 42.0
Table (D .5 -3 -1 )
Interferometric data (CO^-H^O absorption) 
Angle of inclination = 1°
Magnification ratio = 62:1 
Initial temperature = 20.0°C,
Film
Flow
Rate
"c.c./min"
Contact
length
"cm"
Fringe
shift.
(ms)
"mm"
Penetration
depth
( y f )
"mm"
Area under 
fringe 
(A) 
"mm2"
CS-optic 
x 103
"gmol/
litre"
M
t-optic 
x 104
(gmol/1)
mm
80.0 H.5 18.0 31.0 152.0 3.397 4.627
25. 19.5 33.0 247.0 3.681 7.519
40. 23.0 36.0 388.0 4.341 11.812
55 29.0 39.0 545.0 5.474 16.591
68.0
78.0
37.0 42.0 684.0 6.984 20.823
108.0 14.5 14.0 30.0 140.0 2.642 4.262
25.0 16.0 32.0 223.0 3.020 6.789
40.0 20.0 35.0 355.0 3.775 10.807
55.0 27.0 38.0 493.0 5.096 15.008
68.0 35.0 41.0 628.0 6.606 19.118
78.0 43.0 43.0 724.0 8.116 22.040
134.0 14.5 10.0 29.0 125.0 1.887 3.805
25.0 13.0 31.0 204.0 2.454 6.210
40.0 17.0 34.0 330.0 3.209 10.046
55.0 24.0 37.0 460.0 4.530 14.004
68.0 * 33.0 40.0 575.0 6.229 17.504
78.0 41.0 42.0 678.0 7.739 20.640
Table (D .5 -3 -2 )
Interferometric data (CO^-H^O absorption) 
Angle of inclination = 1°
Magnification ratio = 62:1 
Initial temperature = 20.0°C.
Film
Flow
Rate
"c,c./min"
Contact
length
"cm"
Fringe
shift.
(ms)
’mm1
Penetration 
dep th
( y f )
"mm”
Area under 
fringe 
(A) 
"mm2"
CoS-optic
x io3
"gmol/
litre"
^t-optic
x 10 4 
(gmol/1) 
mm
186.0 14.5 8.0 28.0 116.0 1.510 3.531
25.0 10.0 30.0 199.0 1.887 6.058
40.0 14.0 33.0 292.0 2.642 8.889
55.0 20.0 36.0 410.0 3.775 12.481
68.0 29.0 39.0 537.0 5.474 16.348
78.0 37.0 41.0 631.0 6.984 19.209
266.0 14.5 7.0 26.0 90.0 1.321 2.740
25.0 9.0 29.0 154.0 1.699 4.688
40.0 12.0 32.0 233.0 2.265 7.093
55.0 19.0 35.0 345.0 3.586 10.503
68.0 27.0 38.0 433.0 5 .096 13.182
78.0 36.0 40.0 537.0 6.795 16.348
346.0 14.5 5.0 24.0 75.0 0.944 2.283
25.0 7.0 27.0 130.0 1.321 3.958
40.0 11.0 30.0 210.0 2.076 6.393
55.0 17.0 34.0 293.0 3.209 8.920
68.0 25.0 37.0 293.0 4.719 11.690
78.0 33.0 39.0 463.0 6.229 14.095
le
ng
th
 
at
 
fi
lm
 
Re
yn
ol
ds
 
nu
mb
er
s 
20
4.
0 
an
d 
27
6.
0 
fo
r 
ab
so
rp
ti
on
 
an
gl
e
a
CMf1O ' *0 -d- cn CM -d cn cn cn m cn vO vO CNi—i CJ CN r>- CM rH cn -d CN cn oo m in - rH ;H O 00 CN rH CM 00 o vO O cn r>- r>-X o . . . » . • . . • . . • .(U !-1 cn 00 vO -d CM o 00 vO cn rH cnCO CO CN iH rH • iH rH iH CN 1—1 rH rH i—11 K
/*No•H .4-J CJPU CD . <f r-- CN rH CN CN rH -d rH rH r^ .O o CJ rH -d' cn 1-'- e- VO cn I—1 VO CN CN rH1 iH *--- CO r-- cn vD cn -d VO cn m -d" CNCO iH . • . . . ' • . . . . . .o X o VO m -d cn i—i o vO vO in -d CN rH1 B CO cn cn cn cn cn cn cn cn cn cn cn•K 60o zs—'
o o
• r l . r^ - -d cn o OY cn O r- o O Ht -d-4-1 o 00 m o cn CN cn rH 00 -d 00 00
Cl, CO 00 »d CN m CN r- m 00 VO e-- -d cn
P O r—1 . . • • - . ■# . . • . . .f |H o rH CN cn vO r^ - rH rH CM cn m VOCO 0O X _5b
o *co•H CM4-1 00 0 00 O o VO rH cn cn O vO -d -d-
PP O CJ CN cn CM cn -d c^- cn -d rH VO 00 rHO i—I ’ r>. i"'- cn O CN cn 00 cn CN -d r- CNI iH . • . . . . • . . . • ■ . .• 4-1 X o rH iH. rH CM CN CN rH rH CN CN CN cn
S 4-1 i«CO CO 60
CJ Csl•H 0 m O O O -d O i—1 00 O O 00 cn4-1 00 O o rH m O O -d cn m cn 00 -d o
PP O '*«*» 00 CN o o m VO m o 00 -d cn CNO i—i rH . . . . . • • . • . • «1 O cn VO o -d i"'. O cn VO 00 CN VO cn4-1 X a rH rH i—i CN rH rH rH£ J>0
4JO ~z 00 -d 00 cn rH rH cn -d CN O 00 cncO 5 o 00 CM I—1 I—1 00 rH m vo CN 00 iH CN4-1 0) CJ Q) . . . . • . • . • . . . .
Pi 0 4-1 CO i—i cn m r^ - 00 o rH CN -d m r-~ 00O •H z z rHu 4-1
4-1O .PCO 4-1 £ m O o O o o m O O O o o4J 60 0 . • • . • • . . . • • .
pi Pi CJ NT m o m 00 00 -d m O m 00 COo <U j: rH CM -sf m vO r- rH CN NT m vO t"-CJ r-4
cnCO0) CO 00
P Z. rH m5^ X 0 rH CN0 o O rH rHrH •H “ . .•H X o opH H
CO'drH u o oo <u • •0 p X a) CN mrH PS -d-<D 3 cn -dPS 53
& *Po •r4rH 0 O O(U • •4-1 • NT VO0 Cd CJ cn 00iH Pd • rH rH•H o
P»4 -
a)
X
u -ioma)
P
i— i
to
>
4J
Pa)
pia)
4 - j
<44•HT3
PiO<w
cd
4JcdTO
CJ
•HU
4J0)
0o
u
a)
u
Q)
4-1
Pi
•rl
0)
-C
4J
0o
Pi
<4H
nd
a)
P
•H
cd
4-1
X
o
<ua
S'4->(0•H(00)Pi
a)O
cdiwPi
PCO
»d-
Ico
Im
xCO
H
le
ng
th
 
at
 
fi
lm
 
Re
yn
ol
ds
 
nu
mb
er
s 
34
2.
0 
an
d 
47
5.
0 
fo
r 
ab
so
rp
ti
on
 
an
gl
e
wcsl■1
O =B O’ m m CM m CM o CO CM oo co inr—1 o o CM O CM CM ON <]• VO o rHHj- CO CM CM r> in CM rH rH <r m 00 <u
X o . • . . . . . . . . . • X
a) rH O n vO CO iH ON rH oo m co o 00 4-1
_11 CO CO CN] rH rH rH rH CM rH rH rH 1—1
44
O
l/>
0)
o G
•r4 . rH
44 cj cd
P CO . o CM i—1 rH m VO o rH rH CM CM >
o O o 00 O CO rH o O m 00 CM ON 00 ns
1 rH 00 m ON VO i—i ><]• CM 00 rH ON <]■ ON 4-1
GO rH . . . . ' . • . . . . . . G
CJ X Q CO VO m CO i—1 vO vO NJ- CO rH a)
1 B CO co CO CO CO CO CO CO CO co co CO P4
K 60 a)
O U-]V-X 44
•H
TO
•
O o
•H CD . rH ON o o vO m rH O ON ON U4-1 O o CN] ON ON ON ON NT CM 00 rH rH CM O
P. rH CO VO CM m o n* ON CO o CM CM 44
O iH . . . . . . . . . . . . .
1 X 9 1—1 rH CM CO m vO o rH CM co VO Cd
CO B 44
CJ 60 cd
•o
o
•r4
o CO P4
•H C4 4444 CO B co ON 00 CM <]■ 00 o CO CM < t fN. 0)
P O o CM 00 O CM CM ON m CO 00 00 vO CM B
O rH r^- 00 CM VO 00 CM O CO vO . i—I vO o
1 rH • . . . . • . . . . . G
4-1 X O rH rH CM CM CM co i—i CM CM CM co CO <U
s 4-1 B 44
CO CO 60 U
0)44
N G
. “ •H
O Cn]
•H B o 00 O O CM 00 CO oo o o in O■M co o <]■ 00 ON O 00 00 m ON CM ON ON XI
P O —. VO o m rH co CM ON CO ON vO o 44
O rH <H . . • . • . . . . . . .
1 9 CM . o co VO CM CO VO 00 i—I »d- B4J X B rH rH rH rH rH o
s 60 >4
44
03
4-1 <U
CJ s G
cd 5 o vO 00 00 ON CM ON r " - M f < 1- M f ON CO •r444 <u o Q) CM iH *3- ON n> O 00 ON o ON n * cd
G B 4-1 CO . . • . . . • . • 44
O •H £ Z t—1 CM CO ~d- m VO rH rH CM m X
u 4-1 O
/N
4J H
o X
cd 4-1 m O o O o O m O O O o O4-1 W) B . . . . • . .  ' . . . .  - 1
G g o m o m 00 00 in O m 00 ooo a) z rH CM NY m vO rH CM < • m vO r> . <U
CJ rH O
G
cd
CO 44
CO CO
a) ON •H
g z z 00 CM CO1 X B < 1- vO 0)
6 cj CJ iH rH Ui - i •H . •
• p4 o o <u
p4 H CJ
cd
44
CO U
nd G
r - l u o o COo a) PH . •
s G ,9 (U O n CO
rH P i r^ . 00 ^ N
•H a) G co 00 in
& P i 53 Ico
- Im
& ~G •
O •H QrH J 3 O o w
Ph a) • •4-1 • vO vO a)
S cd o VO o - . rHrH Pi • CM oo X
•H o cd
pH = H
44
CJcd
4-Jco
CJ
le
ng
th
 
at 
fil
m
 
Re
yn
ol
ds
 
nu
m
be
rs
 
67
9.
0 
an
d 
88
3.
0 
fo
r 
ab
so
rp
tio
n 
an
gl
e
309
o_310
Ta
bl
e 
(
D
.
5-
3-
7)
, 
Su
rf
ac
e 
re
si
st
an
ce
 
(I
I)
 
ob
ta
in
ed
 
fo
r 
di
ff
er
en
t 
va
lu
es
of
 
th
e 
co
nt
ac
t 
le
ng
th
 
at
 
fi
lm
 
R
e
y
n
o
I
d
s
 
nu
mb
er
s 
34
2.
0 
an
d 
47
5.
0 
fo
r 
ab
so
rp
ti
on
 
an
gl
e 
1°
, 
ta
ki
ng
 
in
to
 
ac
co
un
t 
co
nv
ec
ti
ve
 
d
i
s
t
u
r
b
a
n
c
e
00
311
Ta
bl
e 
(
D
.
5-
3-
8)
, 
Su
rf
ac
e 
re
si
st
an
ce
 
(I
I)
 
ob
ta
in
ed
 
fo
r 
di
ff
er
en
t 
va
lu
e
so
f 
th
e 
co
nt
ac
t 
le
ng
th
 
at
 
fi
lm
 
R
e
y
n
o
l
d
s
 
nu
mb
er
s 
67
9.
0 
an
d 
88
3.
0 
fo
r 
ab
so
rp
ti
on
 
an
gl
e 
1°
, 
ta
ki
ng
 
in
to
 
ac
co
un
t 
co
nv
ec
ti
ve
 
d
i
s
t
u
r
b
a
n
c
e
 
c
on
tr
ib
ut
io
n 
to 
ma
ss
 
t
r
a
n
s
f
e
r
.
